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Lake sediment is a significant source of water pollution 
in the Great Lakes. Contaminants present in the water column 
eventually accumulate in the sediments where they are 
adsorbed on the surfaces of the sediment grains.
Resuspension of the sediment and remobilization of the 
contaminants can occur through wind and wave action caused by 
various types of natural and manmade disturbances.
Disposal of dredged contaminated sediments in the Great 
Lakes is a major problem due to the enormous volume of 
material involved. In recent years, much of the dredged 
material has been placed in large confined disposal 
facilities (CDFs) along the lake shores, which are separated 
from the lake itself by huge dikes. CDFs occupy large areas 
of land or water (e.g. 30 hectares in Saginaw Bay), and there 
are several likely pathways by which contaminants may be lost 
from CDFs back to the environment.
Few alternative techniques have been identified that are 
truly effective in treating wet sludges. One treatment 
technology that received very high rankings in recent studies 
is the Basic Extraction Sludge Treatment (B.E.S.T.). The 
treatment separates sludges into three fractions: oil,




In this report, the B.E.S.T. process was evaluated for 
its treatment efficacy on polychlorinated biphenyls (PCBs) 
and compared with sediment disposal in CDFs at Saginaw Bay, 
Michigan.
The potential risk of human exposure to toxic PCBs is 
lower with B.E.S.T. sediment treatment where the PCBs are 
extracted from the sediment and can then be destroyed, as 
compared with CDFs where sediment remains in a large, open 
pit for a decade or more. In terms of environmental impacts, 
the B.E.S.T. process is superior to CDF sediment disposal. 
PCBs could ultimately be removed from the environment with 
B.E.S.T., thereby preventing further bioaccumulation. While 
the evidence suggests that the B.E.S.T. process holds promise 
for the treatment of contaminated sediments in the Great 
Lakes, perhaps the biggest factor in determining whether or 
not it will receive the political support and funding 
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Pollution in the waters of the Great Lakes ecosystem 
occurs both in the water column itself and in the sediments. 
Many of the pollutants in the Lakes are persistent organic 
compounds, primarily halogenated hydrocarbons, and inorganic 
substances such as metals. These persistent toxic 
substances are extremely stable and eventually accumulate in 
lake, river, or channel sediments. Many of these compounds 
have low solubilities in water, so mass in the sediments are 
orders of magnitude greater than in the water column.
The International Joint Commission (IJC) was 
established by a treaty between Canada and the United States 
in 1909 to oversee boundary water issues and to coordinate 
Canadian and U.S. policies regarding their shared water 
resources, including the Great Lakes. In 1985, the Great 
Lakes Water Quality Board, one of two advisory boards to the 
IJC (the other board being the Great Lakes Science Advisory 
Board), established a list of 11 "critical pollutants", 
those that are the most widespread and/or the most 
troublesome to the Great Lakes ecosystem. This list 
includes: 1) total polychlorinated biphenyl (PCB), 2)
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Mirex, 3) hexachlorobenzene, 4) dieldrin, 5) DDT and its 
metabolites, 6) 2,3,7,8-tetrachlorodibenzo-p-dioxin, 7) 
2,3,7,8-tetrachlorodibenzofuran, 8) benzo-a-pyrene,
9)alkylated lead, 10) toxaphene, and 11) mercury.
1.1.1 PCBs in the Great Lakes PCBs are listed among 
the Great Lakes Water Quality Board's eleven critical 
pollutants. Their use was extremely widespread in the past 
until their ban in the United States in the 1970s. PCBs 
were used in industry as preservatives for electrical 
insulators, lubricants, hydraulic fluids, diffusion pump 
oils, cutting oils, plasticizers, and liquid seals. PCBs 
could be found in the home in the form of flame retardants, 
plastics, preservatives and protectants in rubber, 
weatherproof coatings and stucco, steel coatings, waxes, 
varnishes, inks, duplicating fluids, and many other everyday 
products. There are 209 different PCB isomers composed of 
from 1 to 10 chlorine atoms. Commercial PCB mixtures 
contain a combination of several PCB isomers with varying 
percentages of chlorine by weight. In the United States, 
PCBs were distributed commercially under the trade name 
Aroclor, with chlorine contents of 21, 32, 42, 48, 54, 60, 
or 61 % by weight. Aroclors are designated with a four­
digit number beginning with "12” to represent the 12 carbon
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atoms in the biphenyl skeleton. The second two digits 
denoted the percent chlorine in the mixture. For example, 
Aroclor 1260 is a PCB mix of which 60 percent by weight is 
chlorine (Hooper et al. 1990) .
PCBs are naturally degraded by combustion (eg. fires 
resulting from natural causes like lightning strikes), 
photolysis, and microbial degradation. In general, with 
increasing chlorination, water solubility decreases, and a 
greater resistance to photodegradation and biodegradation 
occurs (Neely 1983, Hooper et al. 1990). Consequently, PCBs 
with higher chlorine content are most likely to 
bioaccumulate and are the major PCB components in fish 
(Neely 1983).
Continuing sources of PCBs in the Great Lakes watershed 
include landfills, road pavement previously sealed with PCB- 
oil mixtures, contaminated sediments, and long-range 
atmospheric transport and deposition (Richardson 1983). For 
example, about 7.2 metric tons of total PCBs are deposited 
in Lake Huron each year from the atmosphere (Brandon et al. 
1989). Certain substances that have never been used in the 
Great Lakes Basin are appearing there, and compounds now 
subject to use bans or severe restrictions in the U.S. and 
Canada, such as DDT and PCBs, continue to increase in 
concentration in the Great Lakes due to atmospheric
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deposition. Approximately 0.43 metric tons of DDT per year 
accumulate in Lake Huron from the atmosphere (Brandon et al. 
1989; Swain, in Ashworth 1987).
1.1.2 Contaminated Sediment Problems A significant 
source of water pollution in the Great Lakes is the lake 
sediment. Contaminants present in the water column 
eventually accumulate in the sediments where they are 
adsorbed to the surfaces of the sediment grains.
Resuspension of the sediment can occur through wind and wave 
action caused by various types of natural and manmade 
disturbances, such as turbulence caused by storms, dredging, 
passing ships, or normal wave action combined with lake 
level fluctuations; if chemical conditions in the water are 
different than conditions in the sediment, the contaminants 
can be remobilized. Higher seasonal or annual water levels 
permit suspended sediment to settle, while lower water 
levels expose bottom sediments to the zone of wave action, 
usually a depth equal to one-half the wave length. Another 
more frequent means of physical transfer of contaminants 
from sediment back to the water column is through normal 
bioturbation by benthic invertebrates. These organisms can 
recycle sediment from as deep as 40 cm into the active 
surface sediment layer (Reynoldson et al. 1988).
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Bioaccumulation of toxic substances is a serious 
problem in the Great Lakes (Colborn et al. 1990). This 
process begins when benthic organisms (i.e. bottom dwellers) 
rework and ingest contaminated sediment thereby 
incorporating a certain amount of toxic chemicals, like 
lipid-soluble PCBs, into their tissues. Aquatic plants 
growing in the sediment also incorporate toxic materials 
into their tissues. Free-floating or surface autotrophs and 
the heterotrophs that consume them can accumulate toxics 
from the water column, including those chemicals that have 
been remobilized from sediments. An animal that ingests 
either the benthic organisms or the plants incorporates the 
toxic substances from its food into its own tissue. Since 
this predator eats more than one plant or bottom dweller, it 
accumulates far more of a toxin in its tissues than do the 
plants or animals it consumes. Each successive trophic 
level accumulates increasingly more of a toxic substance 
than the level below it. Biomagnification is not always the 
result of an animal ingesting greater amounts of toxins in 
its food source, but is due instead to the increased 
percentage of lipid tissue in organisms at higher trophic 
levels. Lipid tissue dissolves and retains fat-soluble 
compounds like PCBs. Since humans are at the top of the 
food web, we are subjected to some of the highest levels of
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toxic substances of any organism in the food we eat from the 
Great Lakes ecosystem. During various periods since 1950,
16 Great Lakes species near the top of the food web have had 
reproductive problems or declines in population, including 
the bald eagle, black-crowned night heron, Caspian tern, 
common tern, double-crested cormorant, Forster's tern, 
herring gull, osprey, ring-billed gull, mink, otter, lake 
trout, and snapping turtle (Colborn et al. 1990). In each 
case, high concentrations of toxic substances were found in 
the tissues of the animals.
Currently there are no governmentally accepted criteria 
for determining the extent of sediment contamination. There 
are chemical standards set by the Resource Conservation and 
Recovery Act (RCRA) which identify wastes considered 
hazardous under the statute that must be disposed according 
to its guidelines, and the U.S. Environmental Protection 
Agency (EPA) has pollution criteria based on bulk chemical 
concentrations to determine whether sediments are non­
polluted, moderately polluted, or heavily contaminated. 
However, these are not necessarily indicative of the extent 
of ecosystem vulnerability and damage. Biological 
monitoring (studies that assess the availability of a 
particular pollutant to organisms and the resulting damage 
to the organisms) is now regarded as the most effective
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measure of ecosystem health, since the amount of a toxin 
available to organisms in an ecosystem can vary with such 
things as grain size of the sediments and the amount of 
organic material present (fine-grained sediments tend to 
adsorb greater amounts of chemicals than coarse-grained 
sediments)(Averett et al. 1990, Rice et al. in MDNR 1988). 
Bioassays to determine the amount of a contaminant that is 
bioavailable and the amount that is taken up by the biota in 
a particular ecosystem is not standardized. Each 
jurisdiction makes its own decisions regarding the use of 
biological assessment technigues and, if so, how much to 
rely on them.
1.1.3 Potential Human Health Effects Associated with 
Great Lakes Sediment Pollution There are fish consumption 
advisories imposed by the U.S. Food and Drug Administration 
(FDA) throughout the Great Lakes for most popular sport fish 
species. The FDA action limit for PCBs in fish at which a 
consumption advisory is imposed is 5 mg/kg (Richardson 
1983). Many of the contaminants found in these fish have 
such long biological and chemical half-lives that each fish 
consumed increases the total body burden (Humphrey 1976 and 
Kreis et al. 1982 in MDNR).
Animal laboratory tests have shown that many of the
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contaminants for which fish consumption advisories are 
established cause acute or chronic toxicological effects, 
and epidemiological studies have shown that fat-soluble 
contaminants like PCBs cross the placental barrier in women 
and appear in breast milk (Humphrey 1983; Eyster et al.
1983; Kimbrough 1980 in MDNR). The effects of long-term 
exposure to relatively low levels of contaminants are not 
well known. There is some evidence that PCB exposure in 
utero may result in lowered birth weight, smaller head 
circumference, and subtle behavioral abnormalities (Fein et 
al. 1988 and 1989, in MDNR; Jacobsen et al. 1984, in MDNR).
PCBs are found in much higher levels in Great Lakes 
residents who consume fish from the Lakes compared with 
Americans from other parts of the country. Also, blood 
levels of PCBs are significantly higher in Great Lakes 
residents who routinely consume greater than about 11 kg of 
fish from the Great Lakes than in residents from the same 
communities who eat little or no fish from the Lakes 
(Humphrey 1983 in MDNR).
The potential human health risks of exposure to toxic 
materials include cancer, and encompass many subtle effects 
as well. Effects of exposure to toxic chemicals that have 
been indicated in studies of wildlife include not only 
cancer, but also population declines, reproductive problems,
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eggshell thinning, severe metabolic changes, gross 
deformities, behavioral and hormonal changes, and 
immunosuppression (Colborn 1990).
1.1.4 U.S. and Canadian Response The IJC in
coordination with various Canadian and U.S. national
agencies, provincial and state governments, and
municipalities has identified 42 "Areas of Concern" (AOC)
within the Great Lakes Basin in an effort to clean up the
massive pollution problems in the Basin (Figure 1 and Table
1). These 42 areas represent the locations of the greatest
concern in terms of severity of contamination and/or their
proximity to large population centers. AOCs are areas that
do not meet water quality standards established by the Great
Lakes Water Quality Agreement (GLWQA) of 1972 between Canada
and the U.S., and are characterized by impairment of the
area's beneficial use or ability to support aquatic life.
According to the Great Lakes Water Quality Board (1989a),
impairment of beneficial use is:
...a change in the chemical, physical or biological 
integrity of the Great Lakes ecosystem sufficient to 
cause any of the following: restrictions on fish and
wildlife consumption; tainting of fish and wildlife 
flavor; degradation of fish and wildlife populations; 
fish tumors or other deformities; bird or animal 
deformities or reproductive problems; degradation of 
benthos; restrictions on dredging activities; 
eutrophication or undesirable algae; restrictions on 
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problems; beach closings; degradation of aesthetics; 
added costs to agriculture or industry; degradation of 
phytoplankton or zooplankton populations; or loss of 
fish and wildlife habitat.
Hindrance to navigation and transportation are not mentioned
in the Great Lakes Water Quality Board's definition.
A coordinator has been assigned to each AOC by the
responsible jurisdiction (listed in Table 1). Each
coordinator is responsible for ensuring that a Remedial
Action Plan (RAP) is produced. Public participation is
encouraged in the RAP process and a Citizen's Action
Committee provides input for the RAP report, especially with
respect to the desired uses of the AOC and goals for AOC
remediation. The remainder of the RAP is normally written
by or coordinated among federal, state or provincial, and
local agencies, and private organizations and foundations
that have an interest in the area. The RAP process is
supposed to involve four stages: defining the problem,
outlining a remediation strategy addressing each aspect of
the problem, implementing the remediation plan, and finally,
reporting on the success or failure of the remediation
efforts.
1.1.5 Remediation of Contaminated Sediments There are 
many types of remediation techniques for contaminated 
sediments being tested on bench or pilot scales throughout
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the world. Several of these methods have also been used on 
large scale projects. They fall into one of the following 
two categories, in situ remediation or removal. In situ 
remediation is primarily experimental and more suitable for 
consideration in small-scale projects than for water bodies 
as immense as the Great Lakes because it is not feasible to 
maintain a cap over a large area (Cohen 1991). It usually 
involves armoring or capping the contaminated sediments, 
chemical treatment followed by capping, or taking no action 
and allowing natural sedimentation processes to bury the 
contaminated sediment (Averett 1990).
Only the removal technique has been used on a large 
scale in the Great Lakes to date. Since many of the 
contaminated sediments in the AOCs are in navigable 
waterways, which would require dredging regardless of 
whether appropriate in situ remediation technology was 
available, removal of the sediment is a reality that must be 
considered for the foreseeable future. This involves using 
one of several methods for dredging followed by subsequent 
disposal of contaminated material to minimize the potential 
hazard to humans and ecosystems. Dredging is by no means a 
panacea, however, because resedimentation occurs and 
dredging must be repeated after a period of time. In 
addition, if chemical conditions in the water differ from
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conditions in the sediment, dredging itself may release 
contaminants which have accumulated in the sediments back 
into the water column.
Disposal of the dredged contaminated sediments is a 
major problem. The volumes of material involved are 
enormous. In the Saginaw River and Bay, an average of over 
382,000 cubic meters of contaminated material is dredged 
each year by the U.S. Army Corps of Engineers for navigation 
maintenance (Cowgill 1989, in Brandon et al. 1989). Until 
recently, the majority of contaminated dredged spoils has 
been deposited in the deep waters of the open lakes. In 
recent years, much of the dredged material has become too 
contaminated for open lake dumping and has been placed in 
large confined disposal facilities (CDFs) along the lake 
shores, which are separated from the lake itself by huge 
dikes (see Figure 2). At Saginaw Bay, the CDF is on 
Channel/Shelter Island, at the mouth of the Saginaw River, 
and covers an area of approximately 3 0 hectares as shown in 
Figure 3 (Kreis 1990).
Disposal of dredged spoils is becoming increasingly 
urgent. Many of the existing CDFs are filled to capacity. 
Siting of new ones is ever more difficult due to a limited 
number of available and suitable sites, as well as public 
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FIGURE 3. Location of Confined Disposal Facility, Saginaw 
Bay, Michigan.
Source: MDNR. 1988. "Remedial Action Plan for Saginaw
River and Saginaw Bay." Lansing, Michigan.
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long term for these CDFs to release some of their 
contaminants back to the lakes, as most of them are 
constructed with permeable walls to allow water flow and 
equalization of water levels between the lake and the CDF 
(Kreis 1990). There is always the possibility of damage or 
destruction of the CDF by normal wave action or severe storm 
events, common occurrences in the Great Lakes. By 
depositing huge volumes of material into these dead-end 
storage facilities, the beneficial mineral and organic 
components of the sediments, along with the toxic 
constituents, are removed from the normal biogeochemical 
cycling of materials. Wildlife attracted to the relatively 
calm and shallow environments provided by CDFs can also be 
damaged through exposure to the toxic materials (Kubiak 
1990). CDFs are therefore an unsatisfactory long-term 
solution to the problem of dredged contaminated sediments.
1.1.6 Saginaw River and Bay The Saginaw Bay watershed 
covers an area of 22,556 square kilometers and is 15% of 
Michigan's total land area (Figure 4). The Bay is 84 km 
long and varies between 21 and 42 km wide. It receives 
about 75% of its tributary water input from the Saginaw 
River (MDNR 1988). Saginaw Bay is currently used for 
recreational activities such as pleasure boating, swimming,
T-4042
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FIGURE 4. Location of Saginaw Bay Watershed and Area of Concern.
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fishing, hunting, and wildlife viewing; commercial 
navigation; commercial fishing; general aesthetics; and as a 
source of drinking water (Figures 5, 6, and 7). The Bay 
also provides a major fish spawning and nursery area for 
wildlife, and furnishes shelter and food for migrating 
waterfowl on a major flyway (MDNR 1988). The sediment 
contaminants of primary concern are similar to those which 
pose environmental problems in the other Great Lakes AOCs. 
These include polychlorinated biphenyls (PCBs), 
polybrominated biphenyls (PBBs), DDT, triisopropyl phosphate 
ester (Tris), and heavy metals. Many locations sampled 
throughout the Bay and its tributaries showed concentrations 
in sediments that exceeded the U.S. Environmental Protection 
Agency (EPA) heavily polluted criteria for PCB, As, Zn, Cr, 
Cu, CN, Cd, Ni, Fe, Pb, P, oil and grease, COD (chemical 
oxygen demand), and/or volatile solids. Isolated sites also 
exceeded the criteria for Ba & Fe (Brandon et al. 1989).
As with most AOCs, fish consumption advisories are in 
effect in the Saginaw River and Bay AOC for certain bottom- 
feeding fish and fish with relatively high levels of body 
fat due to high levels of toxic substances in the fish 
tissue. It is recommended by the FDA that no carp or 
catfish be eaten, and that consumption of lake trout, 
rainbow trout, and brown trout be restricted to a maximum of
T-4042
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one meal per week (MDNR 1988).
Saginaw River and Bay has been chosen as the area of 
study for this report because it is representative of the 
problems faced by most of the Great Lakes AOCs, in terms of 
contaminants in sediments which exceed federal guidelines 
and the associated problems of fish consumption advisories, 
environmental impacts, and impairment of human beneficial 
uses. Saginaw River and Bay also comprise one of five sites 
under study by the U.S. Army Corps of Engineers (ACOE) as 
part of the Assessment and Remediation of Contaminated 
Sediments (ARCS) program, a five-year study and 
demonstration project authorized by Section 118 of the Water 
Quality Act of 1987 (MDNR 1988).
1.1.7 The Basic Extraction Sludge Treatment Process 
Few techniques have been identified that are truly effective 
in treating wet sludges (Cohen 1991). In fact, dredging and 
incineration is the only proven method of destroying the 
organic contaminants in sediments in the Great Lakes 
(Carpenter and Wilson 1988). Incineration, however, has met 
with stiff opposition from the public in some regions of the 
U.S. (Cohen 1991, Howard 1991, Rhodes 1991), and it is one 
of the most costly options (Averett et al. 1990). 
Incineration is not routinely used on Great Lakes
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contaminated sediments.
Six types of potential technologies for the treatment 
of contaminated sediments have been identified: biological,
chemical, extraction, immobilization, radiant energy, and 
thermal. Several of these treatment technologies have been 
used successfully in bench or pilot scale studies throughout 
the world. Within these six categories are a myriad of 
separate processes. Approximately 85 separate processes for 
treating contaminated sediments were studied by the ACOE, 
and the most promising technologies were identified (Averett 
et al. 1990). Carpenter and Wilson (1988) ranked treatment 
technologies for contaminated sludges. One treatment 
technology that received very high rankings by both studies 
was the Basic Extraction Sludge Treatment (B.E.S.T.), which 
was the technology considered in this report.
1.2 Saginaw Bay Confined Disposal Facility (CDF)
The confined disposal facility (CDF) at Saginaw Bay is 
located on Channel Shelter Island (Figure 3) and is an in­
water CDF (as opposed to an upland CDF). It is constructed 
directly on the lake bottom and is composed of stone dikes, 
which are intended to isolate its contents from the waters 
of Saginaw Bay.
The dikes consist of layers of stone of different
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sizes. At Saginaw Bay, there is a layer of crushed 
limestone placed directly on the lake bottom followed by 
layers of different sized stone referred to as the mattress, 
underlayer, riprap, and finally cover stone on top. The 
cover stones, which must withstand the wave action of 
Saginaw Bay, are required to weigh between 250 and 2,100 
pounds each (U.S. Army Corps of Engineers 1976).
According to Goudy (personal communication, 1991), the 
existing CDF will be full within the next 2 - 5  years. At 
that time, the filled CDF will be capped with layers of 
material such as impermeable clay, gravel, and soil several 
meters thick. The surface soil layer will be revegetated.
A search is presently underway for a second CDF site in 
Saginaw Bay.
The sediment that is currently subject to disposal in 
the Saginaw Bay CDF is exclusively the result of 
navigational dredging. This is also the situation for all 
other CDFs in the Great Lakes region. In 1970, Congress 
authorized the ACOE to construct and operate CDFs for the 
purpose of disposing contaminated sediments from "authorized 
commercial navigation projects". Consequently, contaminated 
sediments from other types of projects, such as remediation 
activity, are not authorized for disposal in CDFs. Twenty- 
seven CDFs have been constructed in the Great Lakes under
T-4042 27
this authority, and are used for the disposal of about half 
of the sediments dredged for navigational purposes from 
Great Lakes harbors and waterways (Averett et al. 1990).
The remainder of the dredged sediment is clean enough for 
deep water disposal.
Dredged sediments are typically only 10 - 50% solids, 
so CDFs must deal with large amounts of both water and 
sediment (Averett et al. 1990). The bulk of the sediments 
placed in CDFs is very fine-grained sandy and silty 
material, as shown in Table 2 (Kubiak 1990). Due to the 
large particle surface area associated with fine-grained 
material, the majority of the chemical contaminants in these 
sediments are adsorbed to the particle surfaces (Averett et 
al. 1990). The Dredged Material Research Program, conducted 
by the ACOE in the early 1980's (MDNR 1988), concluded that 
most of these chemical contaminants could be effectively 
contained if the fine-grained solids were trapped within the 
CDFs. For this reason, most CDFs are designed to retain as 
much of the fine-grained sediment as practicable (Averett et 
al. 1990).
There are several pathways by which contaminants are 
potentially lost from the CDF to the environment. These 
include loss via effluent (if the excess water is pumped out 
after settling), leachate through the bottom of the CDF,
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TABLE 2
Particle Size Distribution, Sediment Samples 
Saginaw River, June 1988
Sample No. >2.Omm(%) >0.43mmf%) >0.17mm/%) >0.074mm(%) <0.074mm(%)
SR—1 1.1 41.1 34.8 2.5 20.5
SR—2 0.2 21.4 63.2 0.4 14.8
SR-3 0.2 20.6 68.4 1.0 9.8
SR-4 0 4.4 41.2 5.2 49.2
SR-5 0.2 3.6 70.2 1.2 24.8
SR-6 0 2.0 25.0 15.6 57.4
SR—7 0 2.2 44.6 13.2 40.0
SR-8 0.4 7.4 35.2 5.0 52.0
SR-9 2.0 3.2 15.0 13.2 66.6
SR-10 3.6 20.8 69.8 0.8 5.0
SR-11 1.1 5.9 86.4 2.8 3.8
SR-12 1.0 6.4 65.8 4.2 22.6
SR-13 0.8 3.4 70.6 6.4 18.8
SR-14 1.2 13.8 70.0 2.4 12.6
SR-15 0.8 10.4 64.4 10.4 14.0
SR-16 0.2 1.0 21.4 6.4 71.0
SR-17 0.8 3.6 64.4 5.6 25.6
SR—18 1.0 4.2 76.0 3.6 15.2
SR-19 1.2 10.0 25.8 15.2 47.8
SR-20 3.4 7.8 34.2 9.4 45.2
SR—21 6.4 18.6 65.4 1.2 8.4
SR-22 5.5 25.8 46.7 5.8 16.2
SR-23 2.0 14.9 72.4 9.2 1.5
SR-24 0.3 6.1 72.2 10.0 11.4
SR-25 0 0 9.1 5.3 85.6
SR-26 0 0.4 12.2 11.6 75.8
SR-27 0 6.3 25.6 36.0 32.1
SR-28 0 0.3 13.7 48.6 37.4
SR-29 0.5 0.4 13.0 37.4 48.7
SR-30 0.4 4.2 17.6 13.2 64.6
SR = Saginaw River Station
Source: Brandon, et al. 1989. "Information Summary, Area
of Concern: Saginaw River and Saginaw Bay."
Miscellaneous Paper EL-89-, Vicksburg, MS: U.S.
Army Engineer Waterways Experiment Station.
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seepage through the CDF dikes, volatilization to the air, 
and uptake by plants and animals living or feeding on the 
CDF.
A number of measures are sometimes attempted to control 
loss of contaminants from the CDF, but the implementability 
of many of these measures is limited in most in-water CDFs. 
Some of the leachate control measures include groundwater 
pumping, liners, subsurface drainage, sheet pile walls, and 
surface drainage. Liners are used for upland disposal of 
hazardous wastes. For several reasons, liners have not been 
used for wet dredged material that is less contaminated. 
Foremost among these is the reliance of CDF designers upon 
the low permeability of the fine-grained sediments, and upon 
the retention of contaminants on the particle surfaces.
Other considerations are the expense and difficulty 
associated with designing a reliable liner system for wet 
dredged material, particularly in water. In addition, a 
multi-layered liner system can add nearly $65 per m3 of 
sediment to the cost of disposal in an in-water CDF (Averett 
et al. 1990).
Leachate collection systems such as groundwater pumping 
and subsurface drainage have been evaluated for some CDFs, 
but conclusions are that these techniques have limited 
feasibility for in-water sites. Part of the problem is the
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low permeability of the fine-grained sediments following 
compaction, which can limit the effectiveness and 
implementability of the leachate collection systems (Averett 
et al. 1990).
Covers or caps on the filled CDFs are also used to 
reduce the volume of leachate generated. Caps prevent 
rainfall infiltration, isolate the contents of the CDF from 
bioturbation and uptake by plants and animals, prevent much 
volatilization from the surface of the CDF as well as 
remobilization of contaminants adsorbed to particle surfaces 
and subsequent transport of these contaminants by rainfall. 
However, covers and caps require a layer of low 
permeability, such as a flexible membrane or a compacted 
clay layer, in order to be effective. Neither of these are 
easily or reliably implemented for CDFs (Averett et al.
1990).
Sheet pile walls are not an effective primary 
containment measure because they are not leak proof and 
deteriorate over a period of years (Averett et al. 1990).
Operation of the CDF includes not only maintaining its 
structural integrity, but also requires management of the 
environment within the CDF. For example, the oxidation 
state of the solids is a determining factor in the 
mobilization of contaminants and must be manipulated based
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on the constituents present that are of greatest concern.
In anaerobic reducing environments, most metals are much 
less mobile than in oxidizing conditions, but aerobic 
sediments are generally more conducive to the biodegradation 
of organic contaminants. Another environmental condition 
which must be considered is that maintaining ponded water 
within the CDF, which is normally the case with in-water 
CDFs, produces a hydraulic gradient that will increase the 
potential for the movement of rainwater and leachate through 
the walls and back into the Bay (Averett et al. 1990).
The Large Lakes Research Station of the U.S. EPA 
recently performed a study of the potential for PCB leaching 
from the Saginaw Bay CDF. The modeling suggested that there 
is the potential for approximately 0.22 g of PCB material, 
an insignificant amount, to escape annually from the CDF at 
Saginaw (Kreis 1990). The validity of this result, however, 
depends upon the accuracy of the assumptions and parameters 
used to develop the model. This information was not 
available.
1.3 Basic Extraction Sludge Treatment (B.E.S.T.)
for Contaminated Sediments
The object of the B.E.S.T. system is to separate the 
contaminated sediments, soils, or sludges into a water phase 
that can be treated by conventional methods, a solids phase
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that can be reused for such things as backfill, and an oil 
phase containing organic contaminants that can be destroyed 
or recycled more easily. B.E.S.T. can be used to treat 
sludges containing a wide variety of organic contaminants, 
including volatile organic compounds, polynuclear aromatics, 
pesticides, and PCBs.
The B.E.S.T. process is a modular system which can be 
transported to contaminated sites (Figure 8). A full-scale 
clean-up operation using a prototype B.E.S.T. unit was 
conducted at the General Refining Co. Superfund Site in 
Garden City, Georgia, from August 1986 to February 1987, and 
a performance test using this full-scale facility was 
performed February 26-27, 1987. The General Refining site 
was operated as a waste oil reclamation and re-refining 
facility from the early 1950s until 1975. As the waste oil 
was treated with sulfuric acid, the contamination treated by 
the B.E.S.T. unit was an acidic oily sludge (Sudell 1988). 
PCB contamination was present in concentrations of 
approximately 10 mg/kg (ppm).
For the purposes of this report, it was assumed that 
all tests on the B.E.S.T. system were valid. One of the 
primary evaluators of the B.E.S.T. process is employed by 
EPA, and limited tests data were available from independent 
sources.
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FIGURE 8. Pilot Scale B.E.S.T. Unit on Site
Source: Resource Conservation Company. 1986. Leaflet:
General Refining Suoerfund Site. Garden City, 
Georgia. Bellevue, Washington.
T-4042 34
1.3.1 Process Description A prototype full-scale 
facility has a capacity of 90 metric tons of wet throughput 
per day. The treatment separates sludges into three 
fractions: oil, water, and solids, which can then be
treated separately if necessary. PCBs become concentrated 
in the oil fraction, while metals end up in the solid 
fraction. One or more of a family of aliphatic amine 
solvents are used to break oil-water emulsions in the sludge 
and release bonded water. The most common solvent used is 
triethylamine (TEA). TEA is miscible with water and 
hydrocarbons below 4°C, yet is immiscible with water when 
heated to above about 21°C as shown by the solubility curve 
in Figure 9 (Sudell 1988).
The treatment begins when refrigerated solvent (TEA) is 
combined with the contaminated sediments in a mix tank and 
agitated, thereby liquefying the sludge into a homogeneous 
solution (Sudell 1988). Sufficient residence time is needed 
to allow for complete solvation, that is, the formation of a 
single liquid phase. The temperature of the TEA is 
maintained below 4°C so that the liquid fractions are 
soluble, and the solids are no longer bonded by the oil- 
water emulsion that was part of the original sludge. The 
solids are released from the emulsion and removed by either 
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FIGURE 9. Triethylamine (TEA) Solubility Curve.
Source: Sudell, Gerard W. 1988. "Evaluation of the
B.E.S.T. Solvent Extraction Sludge Treatment 
Technology Twenty-Four Hour Test." Enviresponse, 
Inc., Edison, NJ.
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necessary to remove solids where there are solid particle 
diameters less than 25 micrometers (Tose 1987a).
Normally the mixture goes to a solid bowl decanter 
centrifuge where a two-stage technique is used to separate 
the solid from the liquid fraction. The first centrifuge 
usually removes approximately 50 percent of the solids 
present. A second step of solids washing with additional 
clean solvent is then used to be certain that the organic 
content in the solids is low (Tose 1987a). Additional 
centrifugation and washing steps can be added if lower 
organics concentrations are desired. After final 
extraction, solids go to a dryer to remove any traces of 
solvent (Sudell 1988). From the dryer, the solids go 
directly to storage containers to await beneficial reuse or 
removal for open-water disposal. Figure 10 is a flow 
diagram illustrating the sequence of steps involved in the 
B.E.S.T. process.
The effluent from the solids extraction is still cool 
and in solution with the solvent. After the solids are 
removed, the liquid is heated to 54° to 60°C in order to 
separate the water fraction from the oil and solvent (Figure 
11) (Robbins 1990). A series of heat exchangers heat 
effluent to a temperature above the solubility curve where 
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stream is in two phases, water and oil plus solvent. This 
two-phase stream is passed through an oil decanter where the 
top fraction is primarily solvent and oil and the bottom 
fraction is primarily water. The upper fraction is sent to 
a solvent stripping column (distillation column) for solvent 
recovery via distillation at temperatures of about 77°C 
(Robbins 1990), where oil is recovered at the bottom of the 
column and sent to temporary on-site storage. The lower 
fraction in the oil decanter goes to a water stripping 
column for recovery of residual solvent, also via 
distillation. Water is recovered at the bottom of the water 
stripping column and sent to an on-site water treatment 
plant (Sudell 1988).
In a series of energy intensive steps, solvent vapors 
from the distillation columns and solids dryer go to a 
condenser. The condensate then passes to a solvent decanter 
in which the bottom fraction is predominantly water that is 
sent to the water stripping column. The remaining fraction 
is solvent, which is refrigerated and recycled to the 
beginning of the process (Sudell 1988).
The oil product fraction is unaltered by the B.E.S.T. 
process. It contains the same constituents as the original 
sediment. If uncontaminated or sufficiently low in PCB 
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for reuse as a type of fuel. The volume of water yielded 
by the process is increased by about 20 percent over the 
amount in the original sludge due to steam condensation 
within the system. The water can be treated on site in a 
water treatment plant and then discharged. The solids 
resulting from the process are powder dry. Any metals 
present in the original sediment will end up in the solids 
product fraction. The reason for this is unknown, but it is 
believed that because the amine solvent is alkaline, the 
metals are converted to hydrated oxides that precipitate 
with the solids fraction. The metals in the solid fraction 
are fairly stable to resist leaching. Therefore, they may 
pass an EP Toxicity or Toxicity Characteristic Leaching 
Procedure (TCLP) test (Sudell 1988). The volume of solids 
is greatly reduced in comparison with the total volume of 
sludge.
Residence time in the B.E.S.T. system from the time of 
sludge entry to the exit of the oil and water fractions is 
about two hours. The solids fraction will exit the system 
about one-half hour from the time of sludge entry.
1.3.2 Limitations of B.E.S.T. and Preprocessing 
Requirements There are two primary constraints on the 
sludge feed: large particle size and reactivity with the
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process solvent. The system will not accept very large 
diameter particles, so crushing of larger particles to about 
0.6 cm diameter is necessary. In addition, low pH material 
affects process performance by reacting with the TEA, 
resulting in loss of the solvent. The tendency is for the 
TEA molecule to be ionized by proton attack. The ionized 
TEA is non-volatile and exits the system in the liquid 
streams (Tose 1987a). Consequently, low pH material must be 
neutralized with sodium hydroxide or other base prior to 
B.E.S.T. (Sudell 1988) in order to maintain the TEA in its 
molecular state (Tose 1987b). If the sediment contains 
elevated metals levels, a wet metal hydroxide sludge could 
be generated that could be subject to disposal as hazardous 
waste according to RCRA. However, there is no reason to 
expect contaminated sludge from Saginaw Bay to be low pH 
requiring such neutralization with sodium hydroxide.
The presence of detergents and emulsifiers in the feed 
stock affects process performance as well. Detergents can 
cause reduced separation efficiency, resulting in increased 
amounts of oil and grease in the water fraction and more 
water in the oil fraction. Emulsifiers affect organics 
separation from the water fraction, causing an increased 
load on the water treatment plant (Sudell 1988) .
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1.3.3 Posttreatment of Product Fractions Posttreatment 
requirements are dependent upon the degree of contamination 
of the product fractions, the specific contaminants present, 
and the ultimate intended disposition of the products, 
which, in turn, is often dictated by contaminant levels. 
Laboratory testing of the raw sediment provides a reliable 
indication of the resultant contaminants in the product 
fractions (Table 3). If the solids are to be landfilled, 
they may require treatment to fix metals, depending upon the 
stability and concentration of the metals in the solid 
fraction. Since metals concentrations in the raw sediment 
were only elevated in isolated locations, it is expected 
that metals in the sediment as a whole will be within 
regulatory limits allowing for beneficial reuse or deep 
water disposal of the solids.
PCBs concentrated in the oil fraction can be destroyed 
chemically by dechlorination or thermally at high 
temperatures by incineration (Tose 1987a). The oil can be 
used as a fuel if the PCB concentration is less than 50 ppm 
(Sudell 1988).
Water treatment should be designed for the specific 
effluent resulting from a particular sludge if the sediment 
volume to be treated is large. At the General Refining 
site, the water treatment is a two-stage process. First
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TABLE 3
PCB Concentrations in Raw Sludge and 
Product Fractions (General 
Refining Site)
LAB SCALE TESTING (1986) FULL SCALE PROCESS 
Test A Test B Feb. 26-27, 1987
Raw Sludge (mg/kg) 14 12 13.5
(dry basis)
Product Solids 0.02 0.14 <0.13
(mg/kg)
Product Water <0.01 0.01 0.005
(mg/L)
% Extraction 99.9 98.8 >99.0
Efficiency
Source: Sudell, Gerard W. 1988. "Evaluation of the
B.E.S.T. Solvent Extraction Sludge Treatment 
Technology Twenty-Four Hour Test." Enviresponse, 
Inc., Edison, NJ.
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the water is acidified, then a flocculent is added. Next, 
lime is added to aid in the precipitation of lead, and a 
contact clarifier is used to precipitate any residual sludge 
materials (Sudell 1988).
1.3.4 Operation & Monitoring of the System An 
automatic system controls the process by monitoring 
conditions and making adjustments as necessary. A process 
operator monitors the control system and makes any 
additional adjustments that are needed. Sampling of the 
feed and product streams is done periodically and samples 
are analyzed to ensure proper operation of the system 
(Sudell 1988). Figure 12 is a diagram of the overall 
process scheme, including utilities (make-up water, cooling 
water, compressed air), and the sketch in Figure 13 depicts 
the locations of the sampling points in the system.
Since the B.E.S.T. system operates at relatively low 
temperatures compared with treatment methods such as 
incineration, it has relatively low energy requirements 
(Sudell 1988). The temperatures of the liquid streams 
within the process vary from 0-60 °C, and high pressures are 
not used. A nitrogen blanket is used within the system to 
create a small positive pressure on the tanks and vessels 
(Tose 1987a).
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1.3.5 Clean-Up Efficiency of the B.E.S.T. System 
Typical PCB removal efficiencies from sludge are 
approximately 98 to 99.9 percent after two to three 
extraction stages (centrifugations and solvent washes)(Tose 
1987a, 1987b). Due to TEA property of inverse miscibility, 
the B.E.S.T. process can handle feed mixtures with high 
water content without sacrificing extraction efficiency. It 
has been found that laboratory-scale testing is a good 
predictor of full-scale results, as shown in Table 3. There 
is an asymptotic limit on PCB removal, though the reason is 
unclear. One hypothesis is that it is due to the charge 
attraction of PCBs for the surfaces of the solid particles. 
This attraction may be greater than the attraction of TEA to 
PCBs (Tose 1987). This is illustrated in Figure 14. The 
amount of PCB not extractable by B.E.S.T. does not appear to 
be dependent on the initial PCB concentrations in the sludge 
(Weimer 1989).
There is usually some residual TEA in the product 
fractions following use of the B.E.S.T. system (Table 4).
TEA concentration is relatively high in the oil fraction, 
which contains the bulk of the organic contaminants. TEA 
does not inhibit any of the currently available incineration 
or dechlorination processes. In the test treatment at the 
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EXTRACTION #
FIGURE 14. PCB Removal with Multiple Triethylamine
Extractions.
Source: Sudell, Gerard W. 1988. "Evaluation of the
B.E.S.T. Solvent Extraction Sludge Treatment 
Technology Twenty-Four Hour Test." Enviresponse, 
Inc., Edison, NJ.
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completely remove the TEA from the oil phase (Tose 1987a, 
1987b).
Air emissions were sampled at two locations: the
condenser exhaust and the oil polisher outlet (Table 5). 
five parameters were sampled: benzene, toluene, TEA,
xylene, and mercury. All emissions were significantly below 
0.45 kg/hr, and when emissions for the seven units required 
for Saginaw sludge treatment are combined, emissions for all 
parameters except TEA and xylene will still remain below 
0.45 kg/hr.
The cost to process the sludge at the General Refining 
site was about $205.00 per metric ton (U.S. Water News 
1988). PCBs of approximately 10 ppm were treated with oily 
sludge. The success and efficiency of the system on PCB- 
contaminated oily sludge suggests that the B.E.S.T. process 
has great potential for cleaning up PCB-contaminated harbor 
sediments. According to Carpenter and Wilson (1988), the 
B.E.S.T. process has an 80% probability of cleaning sediment 
to less than or equal to 2 ppm.
1.4 Human Health Effects from PCB and TEA
References to "PCBs" often imply they are composed of a 
single chemical compound. However, PCBs are typically found 
in the environment as mixtures of several isomers, for
T-4042
TABLE 4
Residual TEA in Lab Simulation 
Product Fractions
___________Product Fraction________
Sample Type Oil(mq/kq) Water(mo/kg) Solids(mq/kq)
Oily Sludge <300. 17. 190.
Oily Sludge 3,700. 21. 370.
Oily Sludge 9,600. N/A 82,000.
Oily Sludge 5,000. N/A 230.
Oily Sludge 5,600. N/A 280.
Sediment 3,600. 20. 92.
Sediment 4,200. N/A 520.
Oily Sludge 2,100. 50. 760.
Source: Sudell, Gerard W. 1988. "Evaluation of the
B.E.S.T. Solvent Extraction Sludge Treatment 



















































































Source: Sudell, Gerard W. 1988. "Evaluation of the
B.E.S.T. Solvent Extraction Sludge Treatment 
Technology Twenty-Four Hour Test." Enviresponse 
Inc., Edison, NJ.
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example, PCB, polybrominated biphenyls (PBB), chlorinated 
dibenzo-p-dioxins, chlorinated dibenzofurans, and 
chlorinated naphthalenes (McConnell 1985). In fact, there 
are 209 different isomers of PCBs (Luotamo 1985, Hooper et 
al. 1990).
Different species of animals have varying 
susceptibilities to intoxication by PCBs and related 
compounds, hereinafter referred to simply as "PCBs". For 
instance, in one study, chickens and guinea pigs were the 
most sensitive while hamsters and amphibians were the least 
sensitive to these compounds. The target organs vary from 
species to species; however, within a given species, 
clinical symptoms are fairly characteristic. The clinical 
symptoms induced by one PCB isomer are comparable and 
indistinguishable from those symptoms induced by other 
isomers. Various isomers and/or classes of compounds may 
act in a synergistic manner (McConnell 1985).
Although the specific symptoms of PCB intoxication vary 
between species, there are some symptoms which are prevalent 
in most species. In acute doses, symptoms include loss of 
body weight followed by weakness, debilitation, and 
(finally) death. Skin lesions are also a common response to 
intoxication. In non-human primates, lethal doses result in 
a relatively long time to death, usually from one to three
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months from the time of exposure, even at doses several 
times the LD50, i.e. the dose which is lethal to 50 percent 
of a population. Some of the symptoms in monkeys and cattle 
are skin and eyelid lesions and abnormal finger or toe nails 
and hooves. Chronic exposures may produce reproductive 
problems such as poor fertility and fetal wastage. The 
organ most often affected by PCB exposure is the thymus 
gland, which usually exhibits changes at doses lower than 
those required to cause alterations in other organs. At 
sublethal doses, the thymus can appear normal, but be one 
half its normal size. Other important effects in 
experimental animals include enzyme induction and 
inhibition, changes in liver morphology, changes in plasma 
lipid concentrations, decreased immune system function, and 
production of tumors in the livers of rodents (Neal 1985). 
The gall bladder, urinary tract, stomach, and large 
intestine can also be affected by PCB exposure in various 
animal species (McConnell 1985) .
Prenatal PCB exposure also results in developmental and 
behavioral problems in both animals and humans. Studies on 
rhesus monkeys provide evidence that PCBs are neurotoxic: 
female monkeys were given PCBs throughout their lives at a 
dose that produced milk concentrations of 14 ppm. These 
females gave birth to offspring that had difficulty learning
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mazes and had behavioral abnormalities as infants and 
juveniles. Fourteen ppm is approximately eight times the 
median level at which developmental abnormalities have been 
observed in humans in a 1988 study, but 14 ppm was within 
the range of human milk concentrations observed. In humans, 
high transplacental exposure to PCBs was associated with 
lower than normal psychomotor and mental development scores 
observed at both 6 and 12 months of age. Postnatal PCB 
exposure in breast-fed children did not show a correlation 
with psychomotor or mental development scores, possibly 
because the fetus may have a higher susceptibility to toxins 
during critical organ development than does a young infant 
(Gladen 1988).
Some PCB isomers appear to be more toxic to certain 
organisms than others. For instance, in a study of rhesus 
monkeys exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) and 2,3,7,8-tetrachlorodibenzofuran (TCDF), both 
produced the same clinical toxic symptoms and lesions, 
though the potencies varied by up to five orders of 
magnitude. However, recovery from the poisoning by the TCDD 
was rapid, whereas recovery from TCDF was protracted, if it 
occurred at all (McNulty 1985).
Clinical symptoms of PCB toxicity in humans include, 
among others, chloracne, weight loss, impaired liver
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function, and general malaise (Greenlee 1985). In 1973, 
polybrominated biphenyls (PBBs) were inadvertently 
introduced into cattle feed, resulting in the exposure of 
chemical workers, farmers who normally consumed their own 
meat and dairy products, as well as the majority of the 
population of the State of Michigan due to statewide 
distribution of dairy and meat products. It has been 
estimated that as a result of that exposure, about 90% of 
the population living in Michigan in 1973 now carries a body 
burden of PBB (Roboz et al. 1985). Post-mortem examinations 
were performed ten years after exposure on human tissues of 
individuals exposed to PBBs during this incident. Only 4 
out of 196 samples analyzed had PBB levels below the 
detection limit of 0.5 ng/g (Miceli 1985). The half-life of 
PBBs in human tissue has been estimated to be at least 7.8 
years, which means that PBB residuals will persist in the 
tissues of exposed individuals throughout their lifetimes 
(Miceli 1985) .
Since 1976, studies have been undertaken to compare the 
health of the Michigan chemical and farm workers and 
Michigan residents who were potentially exposed to PBBs with 
control groups consisting of residents from Wisconsin farms 
and New York City. Abnormalities in immune system function 
were found in up to 40% of the Michigan population in 1976,
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including changes in the numbers as well as the functional 
abilities of different types of lymphocytes. These studies 
have also found a 100-fold excess of PBB associated with 
white blood cell fractions in comparison to red blood cell 
fractions. This may be the cause of the observed 
immunological dysfunctions which resulted from exposure to 
PBB. The subjects of the 1976 study were retested in 1981 
to assess the persistence of the immune dysfunctions. The 
researchers concluded that the immune system dysfunctions 
were still present in 1981, 8 years after initial exposure, 
and 3 years after the Michigan food chain was found to be 
free of PBB contamination. This was attributed to either a 
permanently damaged immune system or to the continued 
effects of the stored PBB available in the fatty tissues of 
the subjects (Roboz et al. 1985).
The threshold limit values (TLVs) for skin contact with 
PCBs recommended by the American Conference of Government 
Industrial Hygienists (ACGIH) are 0.5 milligram/m3 for PCBs 
with 54% chlorine and 1.0 milligram/m3 for PCBs with 42% 
chlorine in an 8-hour time-weighted average (ACGIH 1990). 
Even 2.5 years after PCB use in workers has been 
discontinued, PCBs can be found on the skin of workers. 
Occupational hazards have been assessed as a way of 
estimating the potential health hazards to which the general
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population is exposed from the environment. The human body 
burden of PCBs occurs as a nonuniform distribution of PCB 
isomers. Differentiation occurs through the excretion of 
the isomers which are more readily metabolized and retention 
of the more persistent isomers. In a study of Michigan 
residents, a median concentration for the PCB serum level 
was 7 ng/mL (median concentration), except in one geographic 
area near Lake Michigan where the median concentration was 
18 ng/mL. Median levels for adipose tissue in the same two 
areas respectively were 1.1 micrograms/g and 2.1 
micrograms/g. In this population (n = approx. 800-1000 
subjects), there was a relationship between serum PCB levels 
and fish consumption (Wolff 1985). Non-PCB-exposed control 
groups in the New York and New Jersey area (n = over 200) 
exhibited a median serum level of 5 ng/mL (Wolff 1985).
Two incidents of human PCB poisoning occurred in Taiwan 
in the form of PCB-contaminated cooking oil. These mass 
poisonings affected the exposed individuals as well as their 
offspring and occurred in western Japan in 1968 and in 
central Taiwan in 1983. In Japan, 1788 patients were 
identified with an estimated total intake of 63 3 mg PCBs and
3.4 mg polychlorinated dibenzofurans (PCDFs). The blood 
concentrations of PCBs of these people five years after 
poisoning were between 1 and 30 ppb (1-30 ng/mL). In
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Taiwan, 2060 poisoned individuals were identified whose 
estimated total intake was 973 mg PCB and 3.84 mg PCDF, and 
whose blood PCB concentrations ranged from 3 to 1156 ppb (3- 
1156 ng/mL) one year after the poisoning. In both 
incidents, common symptoms were observed including increased 
eye discharge, abnormal pigmentation of nails, skin and 
mucous membranes, acneform eruptions, and feelings of 
weakness (Masuda 1985).
Offspring of mothers poisoned by the PCB-contaminated 
cooking oil were studied up to 9 years after transplacental 
exposure, and were reported to be listless and apathetic as 
well as scoring lower than normal children on the 
psychomotor and mental development scales (Gladen 1988). 
These children also exhibited abnormalities of teeth, lungs, 
skin, nails and gingiva. Since consumption of PCBs by the 
mothers stopped prior to conception, the prenatal exposure 
to PCBs was due to the accumulated body burden in the mother 
(Hooper 1990). The PCBs ingested in the Taiwan incidents 
were heat degraded, due both to the heat of cooking and 
natural photochemical transformation that is thought to 
occur in natural environments, resulting in the formation 
and ingestion of polychlorinated dibenzofurans (PCDFs) 
(Hooper 1990, Gladen, 1988). PCDFs have a toxicity which is 
qualitatively similar to PCBs, but they are much more
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acutely toxic. The concentrations of PCDFs required to 
elicit the clinical symptoms in humans are orders of 
magnitude lower than the PCB levels required to cause the 
same symptoms (Gladen 1988, Hooper 1990).
Evidence also suggests that PCB exposure can disrupt 
most phases of normal human reproduction (Rogan et al.
1985). It is not known whether these reproductive effects 
occur at normal levels of exposure in the environment or in 
the workplace.
Although there is no conclusive evidence that PCB 
exposure increases cancer risk in humans, there is 
definitive evidence that PCBs induce hepatic (liver) cancer 
in laboratory rodents. Laboratory data strongly indicate 
that PCBs act as promoters of hepatic carcinogenesis rather 
than initiators. In laboratory experiments, PCBs given to 
rats after the known initiator, diethylnitrosamine, 
convincingly promoted the growth of liver tumors (Sleight 
1985).
PCB mixtures and compounds have been found to exhibit 
minimal mutagenic activity in most tests. The more highly 
chlorinated PCB mixtures (>50% Cl by weight) are liver 
carcinogens in rodents, and in some tests acted as promoters 
of preneoplastic lesions, skin cancers, and hepatocellular 
cancers in rodents when treated with a variety of
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initiators. A limited number of studies suggest that lower 
chlorinated PCB mixtures are not carcinogenic. Individual 
PCB isomers and higher chlorinated mixtures have also 
exhibited some anti-carcinogenic properties under certain 
test conditions in mouse skin. Results of occupational 
studies using human subjects exposed to PCBs are unclear. 
Some studies suggest that individuals exposed to PCBs may 
have an excess of cancers, but the most comprehensive study, 
performed by D.P. Brown (1987), suggests that there is no 
overall increase in cancers in exposed workers (Safe 1989).
TEA is less toxic than PCB. In terms of human health 
hazard, TEA is an irritant, causing chemical burns of the 
mouth, throat, and esophagus if ingested, and irritation of 
the respiratory tract causing difficulty breathing if 
inhaled in concentrations above the TLV of 10 ppm. The 
vapor may cause eye and skin irritation and/or 
sensitization, and prolonged exposure or widespread skin 
contact may result in skin absorption. High concentrations 
of TEA may cause liver, kidney, or heart damage, as well as 
pulmonary edema or such lung infections as bronchitis (Union 
Carbide 1986).
TEA is also a flammable liquid, so it must be stored 
and handled accordingly (Union Carbide 1986). There are no 
CWA discharge limits for TEA, and it is listed in CERCLA at
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a spill reporting level of 5000 lbs. (2270 kg). It is not 
regulated by TSCA, RCRA, or the Emergency Planning and 
Community Right-to-Know Act (EPCRA) (Weimer 1989).
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Chapter 2
PROBLEM STATEMENT, METHODS, AND PROCEDURES
2.1 Problem Statement
The current method of handling Great Lakes contaminated 
sediment by disposal in CDFs is clearly unsatisfactory. A 
better practice would be to remove the contaminants from the 
bulk of the dredged sediment by using one or a combination 
of treatment methods. This would drastically reduce the 
volume of toxic material requiring disposal and would allow 
the clean sediment to be put to a variety of beneficial uses 
or disposed in the open waters of the Lakes.
In this report, one promising technology for the 
extraction of contaminants from wet sediment was evaluated 
for its treatment of PCB contamination and compared with the 
present method of handling PCB-contaminated sediments, 
namely, placement in CDFs. The technology chosen for 
analysis was the B.E.S.T. process, developed and marketed by 
the Resources Conservation Company (Robbins 1989).
2.2 Methods and Procedures
The B.E.S.T. treatment method was analyzed using the 
following criteria:
- technical feasibility & effectiveness,
- total cost and distribution of costs,





- potential effects on recreation, conservation,
commerce and industry, employment opportunities,
and tourism,
- risk assessment, and
- benefit and cost analysis.
An analysis of technical feasibility included an 
assessment of the stage of development of the B.E.S.T. 
method, the effectiveness of the technology in achieving the 
desired level of sediment decontamination, and limitations 
associated with the technology. Data on the concentrations 
of the various contaminants present in the Saginaw River and 
Bay AOC sediments, collected by the Michigan Department of 
Natural Resources (MDNR), the U.S. Army Corps of Engineers 
(ACOE), and private groups, were used to determine whether
or not the B.E.S.T. process can be applied to these 
sediments. Specific information regarding the status and 
success of the process was compiled by the IJC and the ACOE, 
Carpenter and Wilson, as well as Resources Conservation 
Company. These sources were utilized in this analysis to 
assess the feasibility of the B.E.S.T. method.
Cost data for this technology were compiled by the IJC, 
the ACOE, Carpenter and Wilson, and Austin and Tose (1988). 
These data, expressed as a cost range per cubic meter of 
sediment, were compared with the cost of sediment disposal
T—4042 64
in CDFs.
The relative risk of exposure to toxic material posed 
by the B.E.S.T. method compared with that of a CDF was 
assessed in terms of human and ecosystem health. Data 
collected by the U.S. Fish and Wildlife Service on the total 
PCB and DDE concentrations in mallard carcasses after 
various exposure periods on the CDF in Saginaw Bay provided 
a measure of the effect of CDFs on wildlife. Risks 
associated with treatment or disposal in a CDF were examined 
in conjunction with environmental impacts. The information 
necessary to evaluate environmental effects was generated by 
the study of the interaction of contaminated sediments and 
treatment agents with the environment during and after 
treatment. The risk and effects on human health were 
evaluated based upon the extent of contamination of the 
environment and the likelihood of human contact with these 
contaminants.
IJC, ACOE, and other reference information provided a 
basis for an assessment of the environmental impacts 
resulting from the B.E.S.T. method. The categories of 
environmental impacts considered in this report included 
effects upon wildlife, vegetation, soil, air quality, water 
quality, and hydrology.
The socioeconomic impacts of the various treatment
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options were evaluated using two approaches. First, public 
acceptance of each technology was assessed. Public comments 
received at the initial RAP meeting on Saginaw Bay in 1986 
were used to gauge the relative importance of various 
environmental issues to the public and the priority that 
should be attached to each in determining public acceptance. 
The second part of the analysis of socioeconomic issues 
considered the potential effects of each method on various 
sectors of the economy including recreation, conservation, 
commerce and industry, employment opportunities, and 
tourism. The public perception of the distribution of 
benefits, costs, and risks will largely determine the 
political feasibility of any treatment options.
A comparative risk assessment was then performed on the 
B.E.S.T. process relative to the continued utilization of 
CDFs. Risk assessment is defined as estimation of "...the 
potential for adverse effects on human health or the 
environment that may result from exposure to specific 
pollutants or other toxic agents" (EPA Journal 1987).
Finally, a cost/benefit summary that incorporated all 
criteria evaluated in this report was prepared to compare 
the B.E.S.T. treatment with the use of CDFs. From this 
analysis, a determination was made regarding the feasibility 
and desirability of the B.E.S.T. process as an alternative
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to the continued use of CDFs for handling PCB-contaminated 
sediment in Saginaw River and Bay.
In order to make this project manageable, the pitfall 
of tackling too many aspects of a complex problem at one 
time must be avoided. Therefore, the scope of this report 
was confined to the problem of PCB contamination and a 
single treatment method. The only health, environmental, 




PCB CONTAMINANT DATA IN THE SAGINAW BAY WATERSHED
Following is a presentation of data used in this 
report. Although the raw data indicate that PCB 
concentrations in the Saginaw River and Bay sediments are 
low, even these seemingly insignificant levels have 
measurable effects on the wildlife in the region, and are 
bioaccumulating in Great Lakes area residents, primarily 
through ingestion of Great Lakes fish.
U.S. EPA Pollution Criteria for Great Lakes harbor 
sediments are shown in Table 6. If sediments exceed the 
heavily polluted standard for any parameter, they cannot be 
disposed in open water. If sediments have PCB levels 
greater than 10 mg/kg, they must be placed in a CDF, but if 
PCB concentrations exceed 50 mg/kg, they must be incinerated 
or burned in high-efficiency boilers or industrial furnaces 
and cannot be placed in CDFs. B.E.S.T. can be applied to 
sediments with both high and low PCB concentrations.
Table 7 summarizes the results of analysis of surface 
sediment samples in the Saginaw River. All navigational 
dredging under the jurisdiction of the ACOE is confined to 
the Saginaw River and Saginaw Bay federal navigation 
channel. The map in Figure 15 illustrates the sampling
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TABLE 6
U.S. EPA Pollution Criteria (mg/kg dry wt.) for 

















































































1-10 >=10 CDF DISPOSAL
>=50 INCINERATION
Modified from Rossman et al., 1983, in MDNR.
1988. "Remedial Action Plan for Saginaw River and 
Saginaw Bay." Lansing, Michigan.
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TABLE 7
PCB Concentrations in Saginaw River Surface Sediments: 
1978, 1980, and 1983 (mg/kg)



































































































































































ND = None Detected
All values given are for Aroclor 1248 unless otherwise noted.
Aroclor 1242. 
Aroclor 1254.
Source: USFWS 1983, summarizing ACOE data, in MDNR. 1988.
"Remedial Action Plan for Saginaw River and 
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1978-1983 Sediment Sampling StationsFIGURE 15
Source: MDNR. 1988. "Remedial Action Plan for Saginaw
River and Saginaw Bay." Lansing, Michigan.
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locations corresponding to data in Table 6. The PCB 
concentrations in surface sediment samples taken from the 
navigation channel in Saginaw Bay at the mouth of the 
Saginaw River are shown in Table 8. Corresponding sampling 
locations are depicted in Figure 15. Figures 16 and 17 
demonstrate the vertical PCB distribution found in Saginaw 
River sediments. These graphs show that the highest 
contaminant concentrations are not necessarily at the 
sediment surface, but several centimeters below the surface.
The results of biological studies regarding PCB levels 
in tissue samples and eggs from various species of birds are 
shown in Tables 9, 10, and 11. Figure 18 illustrates the 
locations of Channel/SheIter Island (CDF) and Little Charity 
Island within Saginaw Bay, where some of these biological 
measurements were taken.
In 1988, The ACOE conducted additional sediment 
sampling in a portion of the Saginaw River. The results of 
this sampling are shown on Table 12 with the locations noted 
in Figure 19. Oil and grease as well as particle size 
distribution in the dredged sediments were also included in 
the 1988 sample analysis, and the results are included in 
Tables 13 and 2 (page 28), respectively. According to Brady 
(1990), a particle 0.5 to 2 mm in diameter is classified as 
sand, meaning that each particle can easily be distinguished
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TABLE 8
PCB Concentrations in Saginaw Bay Surface Sediments: 
1978, 1980, and 1983 (mg/kg)
(Data correspond to Sampling Stations 1 to 11 in Fig. 15)
1983
1978 1980 Aroclors
Station Total PCB Total PCB 1242. 124;
1 2,500.00 820.00 1,300.00'
2 1,500.00 2,600.00 1,400.00'
3 1,200.00 490.00 ND
4 1,300.00 400.00 640.00
5 1,300.00 - 420.00
6 1,700.00 2,900.00 320.00
7 1,600.00 - 230.00
8 1,700.00 - 160.00
9 4,200.00 20.00 180.00
10 2,000.00 - 560.00
11 2,100.00 - 560.00
All values given are for Aroclor 1242 unless otherwise noted. 
1 Aroclor 1248.
Source: ACOE unpublished, in MDNR. 1988. "Remedial






















































































































































































PCB Levels (mg/kg) in Herring Gull Eggs, 
Channel/Shelter Island CDF (1980-1982) and 











Source: MDNR. 1988. "Remedial Action Plan for Saginaw
River and Saginaw Bay." Lansing, Michigan.
TABLE 10
Total PCB Concentrations (mg/kg) in 
Mallard Carcasses after 0, 10, 25, 44, 84, and 86 Days 
of Exposure on the Channel/Shelter Island 
Confined Disposal Facility, Saginaw Bay
Days of Exposure
Parameter Control 10 25 44 84 86
n 4 4 3 4 3 4
PCB ND 0.17 1.4 2.6 2.0 1.7
ND 0.35 1.1 4.2 1.76 6.11
ND 0.38 0.75 2.5 0.62 1.9
ND 0.44 - 3.9 - 3.31
mean _ 0.34 1.08 3.3 1.44 3.25
ND = None Detected
Source: USFWS in MDNR. 1988. "Remedial Action Plan for




Geometric Means, Ranges and Numbers of Eggs with 
Quantifiable Residues of PCBs (mg/kg) in Common Tern Eggs 
Collected from Three Subcolonies Nesting in 
Saginaw Bay, 1984
Subcol. #1 fN=12> Subcol. #2 fN=15> Subcol. #3 (N=12)
mean range n mean range n mean range n
9.8 5.0-14.2 12 10.9 5.4-23.9 15 9.5 5.8-23.3 12
mean and range values 
n = number of eggs in
= mg/kg
which PCB concentrations were detectable.
Source: USFWS in MDNR. 1988. "Remedial Action Plan for




C H A R ITY
ISLAND
S A G I N A  W B A Y  ^
C H A N N E L / ° y/
S H E L T E R  /
ISLA ND (C D F ) /
FIGURE 18. Locations of Channel/Shelter Island and
Little Charity Island
Source: MDNR. 1988. "Remedial Action Plan for Saginaw
River and Saginaw Bay." Lansing, Michigan.
T-4042 80
TABLE 12
PCB Concentrations (mg/kg), given as Aroclor numbers, in 
Sediment Samples, Saginaw River, May 1988
Parameter SR-1 SR-2 SR-3 SR-4 SR-5
PCB 1016 <0.020 <0.020 <0.020 <0.020 <0.020
PCB 1221 <0.020 <0.020 <0.020 <0.020 <0.020
PCB 1232 0.11 <0.020 <0.020 0.19 0.13
PCB 1242 <0.020 <0.020 <0.020 <0.020 <0.020
PCB 1248 <0.020 <0.020 <0.020 <0.020 <0.020
PCB 1254 <0.020 0.23 <0.020 <0.020 <0.020
PCB 1260 <0.020 <0.020 <0.020 <0.020 <0.020
Parameter SR-6 SR-7 SR-8 SR-9 SR-10
PCB 1016 <0.020 <0.020 <0.20 <0.020 <0.020
PCB 1221 <0.020 <0.020 <0.20 <0.020 <0.020
PCB 1232 0.56 0.59 <0.20 0.28 0.12
PCB 1242 <0.020 <0.020 <0.20 <0.020 <0.020
PCB 1248 <0.020 <0.020 2.2 <0.020 <0.020
PCB 1254 <0.020 <0.020 <0.20 <0.020 <0.020
PCB 1260 <0.020 <0.020 <0.20 <0.020 <0.020
Parameter SR-11 SR-12 SR-13 SR-14 SR-15
PCB 1016 <0.020 <0.020 <0.020 <0.020 <0.020
PCB 1221 <0.020 <0.020 <0.020 <0.020 <0.020
PCB 1232 0.52 0.46 0.19 0.12 0.28
PCB 1242 <0.020 <0.020 <0.020 <0.020 <0.020
PCB 1248 <0.020 <0.020 <0.020 <0.020 <0.020
PCB 1254 <0.020 <0.020 <0.020 <0.020 <0.020




Parameter SR-16 SR-17 SR-18 SR-19
PCB 1016 <0.020 <0.020 <0.020 <0.020
PCB 1221 <0.020 <0.020 <0.020 <0.020
PCB 1232 1.3 0.42 0.52 0.25
PCB 1242 <0.020 <0.020 <0.020 <0.020
PCB 1248 <0.020 <0.020 <0.020 <0.020
PCB 1254 <0.020 <0.020 <0.020 <0.020
PCB 1260 <0.020 <0.020 <0.020 <0.020
Parameter SR-21 SR-22 SR-23 SR-24
PCB 1016 <0.020 <0.20 <0.20 <0.20
PCB 1221 <0.020 <0.20 <0.20 <0.20
PCB 1232 3.5 3.1 13 2.3
PCB 1242 <0.020 <0.20 <0.20 <0.20
PCB 1248 <0.020 <0.20 <0.20 <0.20
PCB 1254 <0.020 <0.20 <0.20 <0.20
PCB 1260 <0.020 <0.20 <0.20 <0.20
Parameter SR-26 SR-27 SR-28 SR-29
PCB 1016 <0.20 <0.020 <0.20 <0.20
PCB 1221 <0.200 <0.020 <0.20 <0.20
PCB 1232 3.0 0.91 2.1 1.5
PCB 1242 <0.20 <0.020 <0.20 <0.20
PCB 1248 <0.20 <0.020 <0.20 <0.25
PCB 1254 <0.20 <0.020 <0.20 <0.20

























< = Positive result but at unquantifiable concentration below 
indicated level
SR = Saginaw River Station
Source: Brandon, et al. 1989. "Information Summary, Area
of Concern: Saginaw River and Saginaw Bay."
Miscellaneous Paper EL-89-, Vicksburg, MS: U.S.
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FIGURE 19. 1988 Sediment Sampling Stations
Source: MDNR. 1988. "Remedial Action Plan for Saginaw




Oil and Grease in Sediment Samples 
Saginaw River, June 1988































< = Positive result but at unquantifiable 
concentration below indicated level
SR = Saginaw River Station
Brandon, et al. 1989. "Information Summary, Area 
of Concern: Saginaw River and Saginaw Bay."
Miscellaneous Paper EL-89-, Vicksburg, MS: U.S.
Army Engineer Waterways Experiment Station.
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with the naked eye, and the particles do not stick together 
and feel gritty when rubbed. Particles between 0.002 and 
0.05 mm are classified as silt, and are powdery when dry. 
Clays are particles which are smaller than 0.002 mm and form 
a sticky mass when wet, and hard clods when dry. Table 2 
(page 28) indicates that there is a bimodal distribution of 
particle size in Saginaw River sediments: small, sand-sized
particles between 0.17 and 0.43 mm in diameter are 
prevalent, and a large percentage of silts or clays, with 
particle sizes less than 0.074 mm are also present. Nearly 
all particles dredged from Saginaw River and Bay are smaller 
than the maximum particle diameter for B.E.S.T. sediment 
treatment (0.6 cm diameter).
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Chapter 4
APPLICATION OF THE BASIC EXTRACTION SLUDGE 
TREATMENT TO SAGINAW BAY SEDIMENTS
4.1 Regulatory Requirements for Clean-Up 
of Contaminated Sediments
The Toxic Substance Control Act (TSCA) regulations 
define a site as contaminated if PCB concentrations are 
greater than 50 ppm (40 CFR 761.60). The implementing 
regulations for TSCA (40 CFR 761, Subpart D) also dictate 
that dredged materials containing PCB concentrations between 
50 and 500 ppm shall be disposed by incineration, burning in 
a high efficiency boiler, or alternate disposal method upon 
application and approval by the Regional EPA Administrator.
The regulations are unclear as to disposal requirements 
for materials between 2 and 50 ppm. It would be prudent to 
dispose of any materials with quantifiable PCB levels of 2 
ppm or greater according to the requirements for materials 
containing greater than 50 ppm PCBs.
The B.E.S.T. oil fraction containing 2 ppm PCBs or 
greater must therefore be incinerated, placed in a chemical 
waste landfill (if PCB levels are below 50 ppm), or burned 
in a high efficiency boiler [40 CFR 761.60(a)(3)].
Qualified incinerators must meet stringent combustion, 
efficiency and emissions criteria.
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Boilers must be rated at a minimum of 50 million 
BTU/hr, meet carbon monoxide emission requirements, and burn 
a minimum of 3 percent excess oxygen when PCBs are being 
burned. The PCB-contaminated oil may not comprise greater 
than 10 percent of the total fuel feed rate and may not be 
burned during start up or shut down operations [40 CFR 
761.60(a)(3)(iii)].
To burn used oil containing quantifiable PCB levels (2 
ppm or greater) as a fuel for energy recovery, both the 
marketer and the burner must have EPA identification 
numbers. The oil may then be burned in incinerators or 
boilers that are integrally designed with the combustion 
chamber and the primary energy recovery section(s), such as 
waterwalls and superheaters, physically formed into one 
unit. Such boilers must maintain a thermal energy recovery 
efficiency of at least 60 percent, and the unit must export 
and utilize at least 75 percent of that recovered energy (40 
CFR 260.10).
The oil may also be burned in "industrial furnaces, 
defined in 40 CFR 260.10 to include: 1) cement kilns; 2)
lime kilns; 3) aggregate kilns; 4) phosphate kilns; 5) coke 
ovens; 6) blast furnaces; 7) smelting, melting, and refining 
furnaces; 8) titanium dioxide chloride process oxidation 
reactors; 9) methane reforming furnaces; 10) pulping liquor
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recovery furnaces; 11) combustion devices used in the 
recovery of sulfur values from spent sulfuric acid, and 12) 
other industrial type devices used to make a product or 
recover materials as approved by the EPA Administrator.
The EPA imposed a land disposal ban on liquid hazardous 
wastes containing PCBs in concentrations greater than or 
equal to 50 ppm, effective July 8, 1987. This would include 
PCB-contaminated oil from B.E.S.T. processing if PCB levels 
exceeded 50 ppm. At Saginaw Bay, PCB levels are expected to 
be less than or equal to 10 ppm, so all three options 
(incineration, burning for energy recovery in high 
efficiency boilers or industrial furnaces, and chemical 
waste landfilling) would be viable options. According to 
EPA regulations, in order to be disposed in a chemical waste 
landfill, any liquids containing low levels of PCBs must be 
either 1) solidified, or 2) mixed with a dry inert absorbent 
to eliminate all free liquids, or 3) landfilled in 
containers surrounded by an amount of inert absorbent 
capable of absorbing the entire volume of liquid in the 
containers. Another limitation to PCB land disposal is 
ignitable wastes, those with a flash point below 60°C, 
cannot be disposed in a chemical waste landfill. So any 
oily mixtures destined for such landfills must first be 
analyzed for the characteristic of ignitability (40 CFR
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761.75).
According to EPA regulations, any materials containing 
PCBs at concentrations greater than 500 ppm MUST be 
incinerated [40 CFR 761.60(a)(1)].
4.2 Comparison of CPFs with B.E.S.T.
As stated above, the Saginaw Bay CDF occupies 
approximately 30 hectares. A single B.E.S.T. unit measures 
about 15 meters on a side. With the necessary holding 
ponds, storage tanks, and water treatment facility, it would 
occupy a few acres at most. The B.E.S.T. unit can process 
up to 91 metric tons of wet sludge per day. At present, the 
annual dredging rate in Saginaw River and Bay is about 
382,000 m3. Assuming that about half this amount is 
destined for the Saginaw Bay CDF (Averett 1990), the average 
daily rate at which contaminated sediments are placed in the 
CDF is approximately 621 metric tons/day (See calculations 
in Appendix A). At this rate, between 6 and 7 B.E.S.T. 
units would be needed to process the sediment dumped into 
the Saginaw Bay CDF on an average day. Seven B.E.S.T. units 
would occupy about 1.6 to 2.0 ha if erected immediately 
adjacent to one another. Given the necessary holding 
facilities and work space around each unit, the estimated 
areal extent of the B.E.S.T. complex, based on the
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proportions of the General Refining site, shown in Figure 
20, would be approximately 18 ha.
4.3 Types of B.E.S.T. Units
The developer of the B.E.S.T. system offers a truck- 
mounted B.E.S.T. unit, with a processing capacity of about
0.8 m3 per hour, available to process small quantities of
material (Weimer 1989). A pilot unit is also available with 
a capacity of 23 to 38 liters per batch (Weimer 1989). The 
site requirement for the pilot unit is an area of 6 by 15 m 
(Weimer 1989). The full-scale unit, such as the one used to 
clean up the Georgia Superfund site, has a capacity of 91 
metric tons per day (Jones 1990). It measures about 15 m on 
a side and cleaned up 3600 metric tons of "barely pumpable" 
sludge at the Georgia site in nine months of working around 
the clock with an average process rate of 26.5 liters per 
minute (Jones 1990).
4.4 Plan for Implementation of B.E.S.T.
System at Saginaw Bav
Prior to any treatment of the sediments, a laboratory 
test must be performed followed by pilot plant operation for 
a period of time in order to gauge the effectiveness of 
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FIGURE 20. Site Plan, General Refining Superfund Site,
Garden City, Georgia
Source: Sudell, Gerard W. 1988. “Evaluation of the
B.E.S.T. Solvent Extraction Sludge Treatment 
Technology Twenty-Four Hour Test." Enviresponse, 
Inc., Edison, NJ.
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product fractions. This will determine such post-treatment 
requirements as: 1) whether a water treatment system is
necessary and if so, what type; 2) whether the solids can 
undergo open water disposal and/or beneficial use or whether 
they must be landfilled; and 3) whether or not the oil 
fraction can be recycled as a fuel. The best predictors of 
the final concentrations of contaminants in the product 
fractions are the results of bench scale B.E.S.T. treatment.
At the General Refining site, the final concentration 
of PCBs in the product oil fraction was nearly equal to the 
initial concentration in the raw sediments (Table 14). 
Therefore, for the purposes of this report, the final 
contaminant levels in the product fractions were assumed to 
be equal to the concentrations in the raw sediment.
The following implementation scenario has been 
developed for the purpose of cost-benefit analysis. Dredged 
sediment will be deposited daily in a holding pond on the 
treatment site from which it will be pumped through the 
B.E.S.T. units. The water product fraction will either be 
sent to a water treatment plant constructed at the site or 
will be discharged directly into the lake if contaminant 
levels are within regulatory limits. The bench and pilot 
scale testing of the B.E.S.T. process on Saginaw Bay 







PCB Concentration in Sludge Feed and 
Product Fractions
Product Fractions
(mq/ka) Solids (mg/kg) Oil (mg/kg} Water (mg/l)
0.37-<l.7 8.2-11 <0.006-<0.01
9.28 (mean) —
Sudell, Gerard W. 1988. "Evaluation of the 
B.E.S.T. Solvent Extraction Sludge Treatment 
Technology Twenty-Four Hour Test." Enviresponse, 
Inc., Edison, NJ.
T-4042 93
water treatment that will be necessary.
The dry, solid product will either be loaded onto 
barges to undergo open water disposal consistent with past 
and present practice for clean sediment, or it will be put 
to a beneficial use (provided the metals content is 
sufficiently low). Examples of potential beneficial uses 
include agriculture, horticulture and forestry; aquaculture; 
habitat development; harbors and port facilities; other 
construction and commercial use; parks and recreation; 
residential and urban use; solid waste management; and strip 
mine reclamation (Averett 1990). If the metals content of 
the solid fraction is such that the material falls under the 
EPA definition of "Heavily Polluted", then landfilling of 
the solids will be necessary. As this is not the expected 
outcome, it has not been investigated further.
As the majority of the sediment has PCB levels below 10 
ppm, the oil fraction is expected to be well within the 
guidelines for recycled fuel use. If PCB levels exceed 50 
ppm in the oil fraction, incineration will be necessary, but 
this alternative will not be discussed further in this 




TOTAL COSTS AND THE DISTRIBUTION OF COSTS
Several estimates of sediment disposal costs are
available as illustrated in the following table:
Author Disposal Method Cost










In addition to the above estimates, the cost for B.E.S.T. 
processing of the sediment at the General Refining site was 
approximately $176/metric ton, as previously mentioned, but 
since the sediment was very viscous and had a high oil 
content, its density is most likely different than that of 
the Saginaw Bay sediments. Therefore, the General Refining 
sediment treatment cost will not be considered equivalent to 
potential Saginaw Bay costs.
The cost figures that will be used for comparative 
analysis in this study are: $133/m3 for B.E.S.T. processing 
and $78/m3 for CDF sediment disposal, because these figures 
represent an approximate median of the cost ranges 
available. It is important to note that these figures and 
consequently the total costs derived from them are only
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estimates and may differ substantially from actual costs.
Based on an annual contaminated sediment volume of 
$191,000 m3, total annual costs would be $25,403,000 for 
B.E.S.T. processing, and $14,898,000 for CDF disposal. As 
there were no data in the literature on payout times for 
B.E.S.T. capital investment or whether the cost per m3 
included the capital investment, it was assumed that capital 
investment was included in the $133/m3 cost, and that payout 
extended throughout the duration of B.E.S.T. operation 
(estimated to be on the order of decades, depending upon the 
degree and timing of control on pollution sources). Due to 
a lack of data, it was also assumed that $78/m3 for CDF 
disposal includes capital costs and dredge and fill 
operations only, and that capping and long term monitoring 
costs would be additional.
In comparing annual costs of sediment disposal, it is 
important to consider that once B.E.S.T. treatment is 
complete on all contaminated sediments and the site 
reclaimed, there are no additional costs and no contaminated 
site to manage. In the case of CDFs, the capped and 
revegetated facility will require costly environmental 
monitoring (surface water, groundwater, and soil monitoring 
as well as wildlife and vegetation impact studies) 
continuously for the foreseeable future. These costs must
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be multiplied by the number of CDFs present. In addition, 
with pollutants buried in the CDFs, it is possible that 
contamination may eventually leach out and adversely affect 
the environment, requiring expensive remediation.
No matter what option is chosen, the distribution of 
costs would not be subject to major change. Although at 
this time, it would be difficult to determine with certainty 
who would bear the costs associated with an alternative 
sediment treatment technology such as B.E.S.T., it is clear 
that the distribution of costs would have a definite effect 
on public acceptance. In the case of sediment remediation 
efforts, most costs are borne by state and local governments 
with the exception of Superfund sites, which are federally 
funded (Harris 1990, McMahon 1990). Since the Army Corps of 
Engineers is responsible for navigational dredging and 
subsequent disposal of sediments, it is assumed that this 
federal agency is currently bearing the burden of the cost 
of disposal of these sediments. It is conceivable that if 
state or local governments (municipalities and counties in 
the Saginaw Bay drainage basin) or the public favored 
treatment and disposal of the contaminated sediments using a 
method that did not represent the least costly alternative, 
state and local entities could be called upon to pay the 
difference between the ACOE present sediment handling in
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CDFs and the chosen new treatment and disposal method. It 
is unlikely that attempts to recover clean-up costs from 
polluters would be successful for several reasons: 1) much
of the pollution is historical and it is likely that many of 
the firms involved are no longer in business; 2) it is 
difficult and costly to determine all potentially 
responsible parties (PRPs); and 3) it would be hard to 
devise an equitable system to calculate the amount owed by 
each PRP because the quantity of pollutants contributed by 
each is largely unknown.
For the purposes of comparison in this report, since 
some cost estimates were given per ton of sediment, and some 
are expressed as cu yds or cu m of sediment, it was assumed 
that 1 ton of sediment is equal to 1 cu yd of sediment. 




6.1 Potential for Human Exposure to PCBs 
in CDFs
Workers involved in the construction, operation, and 
maintenance of CDFs, as well as those operating the dredging 
equipment used for sediment removal and the equipment used 
for transferring the sediments to the CDF, would have the 
highest potential exposure of any area residents. The four 
routes of entry of toxins include absorption through the 
skin, inhalation, ingestion, and injection. As PCBs have a 
low volatilization rate (MacKay et al. 1983), particularly 
for the more persistent toxic PCB compounds with a high 
degree of chlorination (Hooper et al. 1990), inhalation 
would be of lesser concern with respect to PCBs than 
ingestion. Ingestion would be the route of entry causing 
the greatest concern if workers did not wash prior to 
eating. Injection is probably not a major concern provided 
workers wore thick-soled boots to prevent sharp objects from 
puncturing the foot. Absorption of PCBs is probable if skin 
contact occurs, since PCBs are very lipid soluble and 
therefore easily enter the body through the skin (Teitelbaum 
1990).
If the new CDF to be sited in Saginaw Bay were not
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relatively isolated on an island like the present facility, 
there is a greater likelihood that children, curious 
individuals, and those seeking recreation along the shore of 
the Bay will venture into the vicinity of the CDF, 
unknowingly exposing themselves to the contaminants 
contained in the structure.
The possibility also exists that sportsmen will capture 
and eat the waterfowl feeding on the CDF, thereby ingesting 
amounts of PCBs which are much greater due to 
bioaccumulation than those concentrations in the 
contaminated sediments. This potential exposure pathway 
increases with the siting of a CDF on the mainland. Another 
significant exposure pathway with a mainland CDF is 
ingestion of fish from the CDF. This would depend largely 
upon the accessibility of the facility to fishermen both 
from land and water.
6.2 Potential for Human Exposure to PCBs
in the B.E.S.T. Process
There is the potential for the public to wander onto 
the site at the risk of exposure to chemical contaminants in 
the holding ponds for sediment awaiting treatment, or 
mechanical injury from the equipment. However, fencing 
surrounding the site would deter most entry, and if 
operations were ongoing 24 hours per day, the presence of
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personnel would discourage unauthorized entry onto the site 
as well.
The primary risk associated with the B.E.S.T. process 
and the resulting product fractions is the use of the 
solvent TEA. TEA is an aliphatic amine produced by reacting 
ethyl alcohol and ammonia, and is biodegradable (Weimer 
1989). According to EPA data, 200 ppm TEA in water was 
completely degraded in 11 hours by Aerobacter, a common soil 
bacteria (Weimer 1989). The small amount of solvent 
remaining in the extracted solid portion after B.E.S.T. 
treatment should also be biodegraded (Tose 1987a).
Release of solvent or a spill of the PCB-contaminated 
oil product fraction is conceivable. Perhaps the greatest 
potential for environmental damage from a TEA spill would 
occur if it reached Saginaw Bay, as TEA is highly toxic to 
fish (Union Carbide 1986). Fish poisoning could also occur 
if groundwater contaminated by TEA flowed into the Bay.
6.3 Potential for Human Exposure with Recycling
Oil Fraction as Fuel
The risks associated with recycling the oil product 
fraction as a fuel would be essentially the same as those 
associated with the use of any other petroleum-based fuel in 
the boilers and equipment. The chief concern would be air 
emissions. Treatment of the emissions would be the same
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with newly refined fuel or recycled fuel. PCB residues in 
the recycled fuel would be destroyed by the combustion.
A spill of the oil product fraction contaminated with 
PCBs would be more detrimental to the environment than 
recycling the oil fraction. The immediate environmental 
damage would occur mainly from the oil spillage rather than 
from the PCBs in the oil. Over the long term, the PCBs 
would probably have a detrimental effect on the environment. 
Even though the PCB amounts in the oil would probably be 
less than 10 ppm their capability to readily bioaccumulate 
would render the effective body burdens of local wildlife 
higher than 10 ppm.
The potential human risk of exposure to toxic PCBs is 
lower with B.E.S.T. sediment treatment as compared with 
CDFs. With B.E.S.T. treatment, the PCBs are extracted from 
the sediment and can then be destroyed rather than remaining 
in a large open (at least until the CDF is filled and 
capped) pit where human exposure could occur at any time 




7.1 CDF Impacts on Wildlife
Studies have been performed upon mallard ducks and 
various species of fish, for example carp and perch, which 
either live in or feed upon the organisms in the Saginaw Bay 
CDF. Although the actual concentrations of PCBs in sediment 
within the CDF obtained from random spot sampling are low 
(on the order of 0.1 ppm), the PCB concentrations in the 
fatty tissue of fish and ducks are much higher, 
approximately 30 ppm in carp and perch and 25-40 ppm (fat 
weight basis) in ducks (Kubiak 1990).
Other wildlife studies in the Saginaw Bay area have 
documented observable effects in wildlife showing comparable 
PCB levels in their tissues. The easily observed effects 
are predominantly reproductive (Kubiak 1990).
Shore-dwelling animals, such as deer or fox, could also 
become intoxicated from PCBs contained in a CDF sited near 
land by ingesting plants growing adjacent to the CDF and 
which had taken up contaminants leached through the dikes.
7.2 CDF Impacts on the Physical Environment
There is a significant potential that the dikes 
containing the polluted sediments will breach due to wave
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and storm action, resulting in increased contamination of 
the waters and sediments of the Bay itself. Contaminants 
may also leach through the permeable dikes into the Bay, or 
through the bottom of the CDF, which could have a
detrimental effect on groundwater and soil adjacent to the
structure as well as waters of the Bay. Thus there is the 
potential for contamination of public water supplies used by 
six municipalities in the Saginaw Bay area (MDNR 1988).
7.3 CDF Impacts on Vegetation
Further contamination of the waters of Saginaw Bay 
could have a disruptive effect on the photosynthetic 
microorganisms that comprise the base of the food chain in 
the Bay. Studies have documented detrimental effects of 
PCBs on certain species of microorganisms, while other 
species may remain unaffected (Hooper et al. 1990).
Shore vegetation growing adjacent to or on the CDF
would likely bioaccumulate PCBs from the contaminated 
sediments. This effect would be exacerbated if significant 
leakage or breaching of the dikes of the CDF occurred. This 
in turn would begin the cycle of bioaccumulation in animals 
that feed on the plant life.
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7.4 B.E.S.T. Impacts on Wildlife
There would no longer be the favorable habitat to 
attract wildlife for feeding or breeding purposes that is 
present in the quiescent environment of the CDF, thereby 
eliminating contamination of wildlife with PCBs. The 
holding ponds would be small and have a rapid enough 
turnover that the growth of vegetation would be discouraged.
A release of the solvent TEA contained on the B.E.S.T. 
site where there would be little wildlife to be harmed would 
not cause significant damage. However, a release into the 
Bay or groundwater could ultimately be harmful to fish, 
thereby affecting wildlife that normally feeds on fish.
A release of the PCB-laden oil would be detrimental to 
any wildlife contacting it, primarily due to the more acute 
effects of the oil rather than the PCB. If such a spill 
were contained on the B.E.S.T. site, the damage would be 
minimized.
7.5 B.E.S.T. Impacts on the Physical Environment
The risk of PCB release to the environment would be 
substantially lessened by the use of the B.E.S.T. process 
because of the relatively rapid cycling and disposal of the 
PCB. It is therefore less likely that surface and 
groundwater quality and soil would be adversely affected by
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B.E.S.T. contaminated sediment treatment.
7.6 B.E.S.T. Impacts on Vegetation
Vegetation on the B.E.S.T. processing site itself would 
probably be largely destroyed by equipment operation and 
foot traffic. There would not, however, be any appreciable 
amounts of PCB-contaminated vegetation to bioaccumulate the 
PCBs in areas favorable to wildlife.
7.7 Other Environmental Requirements/Problems
Associated with B.E.S.T.
Based on the emissions data presented above, B.E.S.T. 
would be considered an air pollution source, so an air 
emissions permit would be required.
In addition to an air permit, a RCRA treatment, 
storage, and disposal (TSD) permit may be required for full- 
scale B.E.S.T. operation since contaminated material will be 
treated on site. The need for a TSD permit would be
determined by the EPA and MDNR.
The B.E.S.T. facility would require a shoreline site so
that it is accessible to dredges or barges loaded with
sediment for treatment. The problems associated with siting 
the facility near the shore are primarily socioeconomic 
issues such as aesthetics and competing land uses, as 
detailed in Chapter 8. The problems are not unlike those
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associated with siting the proposed new CDF.
In terms of large scale environmental impacts, the 
B.E.S.T. process is superior to CDF sediment disposal. PCBs 
would ultimately be removed from the environment, thus 
preventing future bioaccumulation once the different product 
fractions were placed in their final disposal site or site 
of reuse. Uncontaminated water would be discharged back to 
the Bay, uncontaminated solids would be either reused or 
subject to open water disposal. If the oil fraction 
(containing any PCBs) were recycled as a fuel or 
incinerated, the PCBs would be destroyed. If however, the 
oil with quantifiable PCBs were landfilled, an entirely new 
avenue for potential groundwater contamination would be 
established. Contaminated groundwater could potentially 




The following is not intended to be a complete analysis 
of all socioeconomic factors involved in an evaluation of 
sediment treatment methods. Because such an evaluation 
would not be complete without a discussion of the political 
and socioeconomic climate, major social and political issues 
are discussed even though the data are skimpy.
8.1 Public Attitudes Toward Environmental Issues
Several issues of concern to the public were revealed 
in public comments at the initial September 1986 meeting for 
the Saginaw River/Saginaw Bay Remedial Action Plan project. 
Flooding appears to be of great concern to local residents 
as well as nonpoint source pollution, especially 
agricultural chemical and sediment runoff. The public is 
also concerned with the problem of toxics, particularly in 
water, but also in sediments.
Several commenters, not specifically identified in the 
Remedial Action Plan, expressed a desire for upland 
contaminated sediment disposal, and that a second Saginaw 
Bay CDF should not be sited on an island (MDNR 1988). An 
upland location would greatly increase the potential for 
direct human contact with contaminated sediment due to
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increased accessibility as well as affording a greater 
opportunity for groundwater contamination.
One commenter stated that when asked if money should be 
spent on environmental protection, 90% of people polled said 
yes, indicating the magnitude of concern for quality of the 
environment. No documentation was provided in support of 
this claim, however (MDNR 1988).
Of all the comments offered, relatively few were with 
regard to contaminated sediments. Concern over water 
quality appeared to be much greater than concern over 
sediments. In general, the commenters did not appear to 
associate sediment contamination with reduced water quality. 
It appeared that the implications of sediment contamination 
are not fully appreciated by the public.
8.2 Socioeconomic Effects and Public Acceptance 
of CDFs
The CDF is a large, unnatural-looking containment. 
Although not a significant problem with the present site, a 
future CDF sited adjacent to shore would occupy large 
amounts of valuable waterfront space, competing with 
alternative land uses such as recreation, wildlife 
preserves, harbor facilities, and development of the land 
for the purposes of industrial, commercial, and residential 
use. An eyesore like a CDF would also reduce residential
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real estate values. Some would argue that permanent 
structures to be used as residences or by business have no 
place immediately adjacent to the shoreline because of the 
continual shoreline fluctuations as a result of both storm 
surges and natural changes in the hydrologic balance. 
Historical records and recent data demonstrate that the 
water level of the Great Lakes fluctuates by 0.3 m or more 
from year to year. Since construction of the Saginaw Bay 
CDF, a water level fluctuation of 0.3 m has been measured. 
The CDF is normally 1.8 to 2.4 meters above mean water 
level, but during a storm or in a time of high, rough water, 
it is possible that waves may break over the top of the 
structure (Kreis 1990).
Inherent in the presence of a CDF are public concerns 
regarding its structural integrity and the potential it 
poses for exposure of nearby residents and workers to 
contaminants, as well as its potential for environmental 
damage.
In terms of recreation and tourism, the present CDF has 
little effect since it is located on an island removed from 
any land-based recreation activities. Any recreation taking 
place in the Bay such as fishing and boating can easily 
avoid the vicinity of the CDF, but not its potentially toxic 
effects on fish. Any future CDF that might be located
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adjacent to the shore would obviously have more impact on 
land-based recreational activities because it would be more 
directly competing for land use.
The same holds true for commerce and industry: while
the CDF is isolated offshore, it has little effect on 
commerce, but a CDF adjacent to the shore would offer a 
competing land use to harbor interests.
The CDF presents little in the way of employment 
opportunities beyond those workers performing dredging 
operations and those operating and maintaining the structure 
itself.
Conservation efforts onshore have been relatively 
unaffected to date by the presence of the CDF. The present 
structure has created about 30 ha of wildlife habitat, but 
all of this is contaminated and has resulted in detrimental 
effects to the wildlife using this habitat. Any future CDF 
located adjacent to the shore would disrupt wildlife in the 
same manner, but it would be in a location that is much more 
visible and would likely be subject to greater scrutiny by 
conservation interests. The siting of a second CDF could 
also result in the destruction of shoreline wildlife habitat 
for the structure itself and for the equipment necessary for 
operation and maintenance.
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8.3 Socioeconomic Effects and Public Acceptance
of the B.E.S.T. Process
The treatment plant associated with the B.E.S.T. 
process is an eyesore, but occupies less land than a CDF and 
results in a more permanent disposition for the contaminated 
sediment, thus decreasing the extent of environmental 
impacts from PCB contamination. The concerns to the public 
with this process would include the potential for release of 
the contaminated sediment prior to treatment, release of the 
PCB-contaminated oil fraction, because of the environmental 
damage due to both the PCBs and the oil, and release of the 
solvent.
Recreation and tourism would be impacted more by a 
B.E.S.T site than with the present offshore CDF. The 
B.E.S.T. site would require a location along the shore in 
order to be easily accessible to sediment-laden vessels, 
posing direct competition with recreation and tourism 
interests. B.E.S.T. treatment would have to continue until 
there is no longer any contaminated sediment in Saginaw Bay, 
probably a decade or more. When B.E.S.T. treatment is 
complete, virtually all of the land used for the pilot plant 
could be reclaimed for other use.
Commerce and industry would also be directly affected 
by the competition of a B.E.S.T. process site on the shore
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of the Bay.
With B.E.S.T. sediment treatment, there would be 
different employment opportunities, since maintenance and 
operation of the B.E.S.T. site would be quite different from 
maintenance on the CDF. However, there would probably not 
be significantly more job opportunities as much of the 
B.E.S.T. process is controlled automatically.
The impacts of the process on conservation efforts 
would ultimately be positive in that PCB contamination would 
be removed from the environment. However, on first glance, 
the units would displace about 18 ha of wildlife habitat.
8.4 Socioeconomic Effects and Public Acceptance
of Reuse of Oil Fraction as Fuel
In general, the public is violently opposed to any type 
of incineration, in part because of the efforts by various 
environmental groups in publicizing the potential for air 
pollution from old incinerators or those without adequate 
control technology (Cohen 1991, Howard 1991, Rhodes 1991). 
Using the oil fraction derived from the B.E.S.T. process as 
fuel in a boiler or other equipment which would otherwise 
require hydrocarbon fuel would probably be more acceptable 
to the public. However, concern over possible PCB or 
dibenzofuran emissions can be expected. Dibenzofurans are 
the product when PCBs are subjected to heat that is
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insufficient for complete combustion.
8.5 Conclusion
Overall, the public would likely favor B.E.S.T. 
treatment over CDF sediment disposal for the following 
reasons: 1) B.E.S.T. would remove the PCB contamination
from the area instead of leaving it in place to be capped; 
and 2) the B.E.S.T. units would only be necessary on a 
temporary basis (provided the sources of sediment 
contamination are eliminated) until all contaminated 
sediments are cleaned, including those in the existing CDF, 




9.1 Introduction to Risk Assessment
Risk Assessment as applied to hazardous waste sites is 
a method of evaluating the potential for human health and 
environmental damage associated with the contaminants at a 
site. There are three basic stages in a hazardous waste 
site risk assessment: baseline risk assessment,
establishing remediation goals, and evaluation of remedial 
alternatives. The objectives of risk assessment are to: 1)
evaluate the threat to public health and the environment, 2) 
determine a need for action in order to adequately protect 
public health and environment, 3) compare potential impacts 
of various remedial alternatives being considered, and 4) 
make a determination as to the alternative(s) with the 
lowest detrimental impacts so that these can then be 
evaluated for other factors such as economics and overall 
feasibility (U.S. EPA 1989).
9.2 Site Assessment and Data Evaluation
The present Saginaw Bay CDF is relatively isolated from 
most direct human contact due to its island location. 
However, this does not isolate it from directly affecting 
wildlife which live, feed, and breed in the CDF. The
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potential also exists for indirect exposure of the general 
population through leaching of contaminants from the CDF 
into drinking water supplies.
The majority of the available data are contaminant 
concentrations in the sediments in place, rather than 
contaminant levels of the sediments after they are placed in 
the CDF. The level of PCBs in the raw sediments that are 
dredged are a good indication of maximum possible 
concentrations in the CDF since these sediments combine in 
the CDF. A risk assessment based on these maximum possible 
PCB levels will yield a conservative result, allowing better 
protection of human health and the environment.
9.3 Human Exposure Assessment of CPFs
The public will be relatively insulated from direct 
exposure to CDF contaminants by wandering onto the site or 
ingesting fish living in the CDF in the case of the present 
CDF. If the new CDF being sited in Saginaw Bay is located 
on or adjacent to the mainland, these pathways for exposure 
become much more likely. The CDF would be much more 
accessible and could be enticing to the sportsman.
A potential avenue for indirect human exposure is via 
leaching of contaminants through the walls or bottom of the 
CDF into the waters of Saginaw Bay, increasing PCB
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concentrations in drinking water supplies, albeit by small 
amounts. Six neighboring communities have water intakes in 
Saginaw Bay. Such contamination could also result from 
breaching of the dikes by storm action. The one model that 
has been applied to the Saginaw Bay CDF in an attempt to 
predict PCB leaching potential under quiescent conditions 
concluded that the potential for leaching was insignificant 
(Kreis 1990). However, such predictions can vary widely 
depending upon the modeler's assumptions and the particular 
model used. Therefore, there is a high degree of 
uncertainty associated with this modeling result for PCB 
leaching.
Direct human exposure is a possibility in the case of a 
small number of personnel working on the CDF in management 
and maintenance as well as the workers dredging the sediment 
and filling the CDF. The potential exists for ingestion of 
contaminated fish from the CDF, as well as ingesting trace 
amounts of PCBs that might be on the skin if food is eaten 
without hand washing.
9.4 Human Exposure Assessment of B.E.S.T. Process
The potential for exposure to hazards in the operation 
of the B.E.S.T. units will vary depending on whether the 
treatment is set up on an island or on the mainland. For
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the purposes of a conservative estimate, it will be assumed 
that it is to be established on the mainland.
The treatment area will be accessible to the public, 
although it will presumably be fenced, as would a CDF 
adjacent to the shore. There will not be the attraction of 
fishing that there would be with a CDF adjacent to the 
shore, but there will be a curiosity factor. There is the 
potential for exposure to contaminants in the holding ponds 
containing raw sediment. Although sediment holding and 
storage is short term, there would constantly be an influx 
of new sediment, and consequently the holding areas would be 
filled with contaminated sediment most of the time. At some 
time in the future, the daily volume of contaminated dredged 
sediment will likely decrease and the volume held in ponds 
at the treatment area would be less. This is conceivable 
since the volume of contaminants being pumped into the water 
bodies to accumulate in sediment has decreased drastically 
with the stringent regulations imposed over the past two 
decades.
Another chemical which the public could potentially 
contact on the site of the B.E.S.T. units is the solvent 
TEA. Its toxicity to humans is low, and it would not be 
found free in the environment except in the incidence of a 
spill. If such a spill were to occur and the TEA leached
T-4042 118
into groundwater, much of it would be biodegraded by soil 
bacteria and would not be expected to present a high health 
hazard by the time groundwater migrated to the lake and 
public water supplies. Therefore, public risk of exposure 
to this chemical can be considered to be low. There would, 
however, be the potential for damage to fish if a TEA spill 
occurred and high concentrations flowed into streams or the 
Bay.
Again, workers at the treatment site and those 
conducting the dredging and delivery of sediment could 
potentially be exposed to PCBs in the sediment holding area 
in the same manner as CDF workers. They could also be 
exposed to TEA in the event of a spill.
9.5 Exposure of Wildlife to PCBs
Wildlife living, feeding, and breeding in the CDF are 
at a high risk of exposure to PCBs. Experimental data have 
documented detrimental effects from the PCBs contacted by 
wildlife on CDFs (Kubiak 1991). As the sediments are placed 
in the CDF permanently, there is a long time period over 
which exposure will occur. The species most vulnerable 
during the period of filling the CDF are fish living within 
the structure, fowl nesting and feeding on the CDF, and, if 
the new CDF is placed near shore, shore animals coming to
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drink or feed in or near the CDF.
The potential for exposure of wildlife to contaminants 
would be lower at the B.E.S.T. treatment site than the CDF. 
Sediment would not be held at the B.E.S.T. site for extended 
periods of time, and the sediment holding areas would not 
present the large quiescent environment devoid of a human 
presence that the CDFs offer, which is attractive to 
wildlife.
9.6 Characterization of Human Health Risk
Non-carcinogenic deleterious effects of PCBs have been 
we11-documented in animals and humans alike, affecting 
various organs and body systems. According to the EPA, PBBs 
and PCBs are in Class B2 for carcinogenesis, meaning that 
they are probable human carcinogens. Sufficient evidence of 
carcinogenicity in animals exists with inadequate or lack of 
evidence in humans to make a definitive determination (U.S. 
EPA 1990). Private research has documented evidence of 
increases in the incidence of animal cancers when exposed to 
PCBs, although the data on cancer in humans exposed to PCBs 
are unclear and sparse.
The sediment concentrations at which PCBs cause effects 
in animals are extremely low due to their ready 
bioaccumulation in the fatty tissue of animals. It should
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not be assumed that extremely low PCB concentrations in CDF 
sediments will do no harm.
There is uncertainty in the existing data on PCB 
concentrations in sediments. Though the concentrations of 
contaminants in river sediments are indicators of the 
maximum levels in CDFs, they are far from an accurate 
representation of true contaminant distributions in CDFs. To 
obtain a better assessment of these values, a representative 
sampling program of Saginaw Bay CDF sediment is needed. The 
effect of this uncertainty in the data to the outcome of 
risk analysis is moderate, because detrimental effects of 
PCB levels in the CDF have been documented. So, whatever 
the actual PCB concentrations in the sediments within the 
facility, they are exerting a negative effect on local 
wildlife.
Another source of uncertainty is in the modeling of 
contaminant leaching from the CDF back into the Bay. One 
model run by a single modeler or team of modelers like the 
one run by Kreis (1990) is insufficient to provide adequate 
assurance that contamination of the Bay is not occurring. 
Assuming that Kreis' model is an accurate representation of 
the physical forces active in the Saginaw Bay-CDF system 
could result in significant underestimation of the potential 
for human exposure to PCBs.
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There are two components to an assessment of human 
health risk: exposure and toxicity. In order to quantify
exposure, the most likely exposure pathways as well as 
populations must be identified. The matrix in Table 15 
illustrates the possible pathways of PCB exposure and 
exposed groups for PCB-contaminated sediments contained in 
CDFs.
In the case of B.E.S.T. treatment, there is no 
permanent sediment storage impoundment. The small temporary 
holding ponds can be pumped dry periodically on an 
alternating basis and inspected for integrity, so the 
likelihood of groundwater leaching is low. If the ponds are 
operated so that they are never full to the top, the chance 
of overflow is also minimal. The primary exposure routes 
possible with the B.E.S.T. alternative are shown in Table 
16, and are the same occupational exposures that apply to 
CDFs.
Since the occupational exposure potential is relatively 
equal for both alternatives, quantitative risk was not 
calculated for these pathways. As the occupational pathways 
were the only likely routes of exposure for B.E.S.T., this 
alternative was assigned a low overall risk to human health, 
and no quantitative risk calculations were necessary.
For the CDF alternative, contamination of surface water
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TABLE 15


























- inhalation of vapor —  —  -
phase PCBs
- inhalation of particles —  —
Soil/Dust
- incidental ingestion —  —  -
- dermal contact —  —  -
Food
- ingestion of contam. X —  X
fish & game
- ingestion of food —  X —
contam. due to lack 
of hand-washing prior 
to eating
Sediment
- ingestion —  —  —
- dermal contact —  X —
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TABLE 16
Possible Exposure Pathways and Populations, 
B.E.S.T. Sediment Treatment
Groundwater
- ingestion —  -
- dermal contact —  -
Surface water
- ingestion —  —
- dermal contact —  X
Air
- inhalation of vapor —
phase PCBs
- inhalation of particles —
Soil/Oust
- incidental ingestion —  —
- dermal contact
Food
- ingestion of contam. —  —
fish & game
- ingestion of food contam. —  X
due to lack of hand­
washing prior to eating
Sediment
- ingestion —  —











(i.e., Saginaw Bay) is more of a problem with leaching from 
the in-water CDF as it is presently located than surface 
water contamination would be from an upland CDF. A risk was 
not assigned to contamination of the Bay because the leached 
contaminants would be so diluted by waters of the Bay that 
this source alone would probably not be significant unless a 
drinking water intake were immediately adjacent to the CDF. 
Risk assessment of a catastrophic breaching of the current 
in-water CDF dike would be a complex modeling problem beyond 
the scope of this report. The most likely and most serious 
exposure pathways for CDF sediment containment are through 
ingestion of groundwater contaminated via leaching from the 
surface impoundment and by ingestion of PCB-contaminated 
fish and fowl. The groundwater contamination would be more 
of a problem with an upland CDF, a concept which appeared to 
have some support at the regional public meeting described 
in the previous chapter on Socioeconomic Impacts.
Therefore, the only two scenarios that were evaluated 
quantitatively for risk were 1) ingestion of PCB- 
contaminated groundwater and 2) ingestion of PCB- 
contaminated fish and game.
Toxicity values for non-carcinogenic effects of 
polybrominated biphenyls were used in the risk calculations 
because no PCB non-carcinogenic effects were listed by
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the EPA (U.S. EPA 1990). These values are shown in Table 
17. The EPA does rank PCBs in terms of carcinogenic effects 
as illustrated in Table 18. Carcinogenic and non- 
carcinogenic risk are calculated separately.
Actual human health risk calculations are made for two 
potential situations: 1) leaching of PCBs from an upland
CDF into groundwater which is ingested by area residents, 
and 2) ingestion of fish or wildlife contaminated by PCBs 
from a CDF. The contaminated fish would be most accessible 
in an upland CDF, while wildlife with elevated PCB levels, 
particularly waterfowl, could result from either an in-water 
or upland CDF. As recommended by the U.S. EPA (1989), 
intake variables for each pathway have been chosen such that 
the resulting intake is an estimate of the reasonable 
maximum exposure for that pathway. The equation and 
variables used to calculate exposure (intake) for each 
pathway are shown in Tables 19 and 20.
Noncancer Hazard Quotients are calculated using the
following equation:
Noncancer Hazard Quotient = E/RfD 
where:
E = exposure level (i.e. intake)
RfD = reference dose
Table 21 lists the chronic noncancer hazard index estimates.
Noncancer hazard indexes are not expressed as probabilities
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TABLE 17












Elevated liver weight 10,000 
and liver lesions
PBB Not determined NA NA
Chronic RfD = Chronic Reference Dose, an estimate of the daily 
exposure to the human population (including sensitive subgroups) 
that is likely to be without an appreciable risk of deleterious 
effects during the lifetime.
Source: EPA. 1990. "Health Effects Assessment Summary



















SF = Cancer Slope Factor (formerly called cancer potency factor), 
the human cancer risk per unit dose (i.e. mg/kg/day).
Group B carcinogens are probable human carcinogens. Class B1 
indicates that limited evidence of carcinogenicity in humans 
exists; Class B2 indicates that there is sufficient evidence of 
carcinogenicity in animals with inadequate or lack of evidence in 
humans.
Source: EPA. 1990. "Health Effects Assessment Summary




PCB Exposure Through Ingestion of 
Contaminated Drinking Water
Equation:
Intake (mg/kg-day) = CW x IR x EF x ED = 0.4 mg/kg-day
BW x AT chronic daily intake
(CDI)
Where:
CW = Chemical Concentration in Water (mg/1)
IR = Ingestion Rate (1/day)
EF = Exposure Frequency (days/year)
ED = Exposure Duration (years)
BW = Body Weight
AT = Averaging Time (period over which exposure is averaged - days)
Variable Values:
CW: Assume 199 mg/kg PCBs in sediment yields 199 mg/1 PCBs in
water (estimated maximum value). This value was obtained by
averaging the PCB concentrations deposited into the CDF 
(Tables 3, 4, and 8).
IR: 1.4 liters/day (adult, average)
EF: 365 days/year
ED: 30 years (national upper-bound time at one residence)
BW: 70 kg (adult, average)
AT: 30 years x 365 days/year (for noncarcinogenic effects,
period of exposure is used).
Source: Equation after EPA. 1989. "Risk Assessment
Guidance for Superfund, Volume 1, Human Health 
Evaluation Manual (Part A), Interim Final." 




PCB Exposure Through Ingestion of 
Contaminated Fish & Wildlife
Equation;
Intake (mg/kg-day) = CF x IR x FI x EF x ED = 0.02 mg/kg-day
BW x AT chronic daily intake
(CD I)
Where;
CF = Contaminant Concentration in Fish/Wildlife (mg/kg)
IR = Ingestion Rate (kg/meal)
FI = Fraction Ingested from Contaminated Source (unitless)
EF = Exposure Frequency (meals/year)
ED = Exposure Duration (years)
BW = Body Weight (kg)
AT = Averaging Time (period over which exposure is averaged - days)
Variable Values:
CF: 5 mg/kg (U.S. Food & Drug Administration limit at which fish
consumption advisories are imposed. This value is used due 
to insufficient data on specific PCB concentrations in fish 
or fowl tissue.)
IR: 0.284 kg/meal (95th percentile for fin fish)
FI: Assume all fish ingested is contaminated.
EF: 52 meals/year
ED: 70 years (lifetime, by convention)
BW: 70 kg (adult, average)
AT: 70 years x 52 days/year
Source: Equation after EPA. 1989. "Risk Assessment
Guidance for Superfund, Volume 1, Human Health 
Evaluation Manual (Part A), Interim Final." 




Chronic Noncancer Hazard Index Estimates
Total
CDI RfD Critical Hazard Exposure
Chemical (mo/kg-dav) (mg/kg-davl Effect Quotient Haz.Index
Exposure Pathway: Ingestion of Contaminated Groundwater
PBB 0.4 7E-6 liver 60,000
Exposure Pathway: Ingestion of Contaminated Fish and Wildlife
PBB 0.02 7E-6 liver 3000
60,000*
Hazard quotients and hazard indexes are expressed as one 
significant figure only.
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of developing adverse effects from exposure to a particular 
chemical. Instead, the exposure level over a specified time 
period is compared with a reference dose derived for a 
similar exposure period. The hazard quotient is this ratio 
of exposure to toxicity. As a general rule, the greater the 
hazard quotient is above 1, the greater the cause for 
concern (U.S. EPA 1989).
Cancer risk is calculated using the following equation: 
Risk = CDI x SF 
where:
CDI = chronic daily intake averaged over 70 
years (mg/kg-day)
SF = slope factor (mg/kg-day) ’
Table 22 lists the cancer risk estimates. Cancer risk is
expressed as the incremental (i.e. excess) probability of an
individual developing cancer over a lifetime as a result of
exposure to the potential carcinogen, with risk above 0.01
being considered high (U.S. EPA 1989). Therefore, the risk
of 3 calculated here is high, but it should be considered an
upper bound estimate. True risk will be less than 3 because
actual human exposures through ingestion are not likely to
be as consistently high throughout the lifetime of an
individual as the exposures used for this assessment.
It is important to note that both non-carcinogenic and 






CDI SF Weight of Specific 
(ma/ka-dav) (mcr/kcr-dav) Evidence Risk
Exposure
Risk
Exposure Pathway: Ingestion of Contaminated Groundwater
PCB 0.4 7.7 B2 3.03
Exposure Pathway: Ingestion of Contaminated Fish and Wildlife
PCB 0.02 7.7 B2 0.15
*3
Expressed as one significant figure only
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conservative due to the lack of data collected on CDFs and 
their effects. Actual risks from CDFs will be significantly 
less.
9.7 Remediation Objectives
The goals of remediating the contaminated dredged 
sediment are straightforward: to decrease the possibility
of exposure of the public and local wildlife and vegetation 
to PCB contamination; to recycle the uncontaminated 
components of the sediment, thus lowering the volume of 
material slated for disposal; and to decrease the land area 
that is ultimately used for sediment disposal.
9.8 Comparison of Alternatives
For the purposes of comparison, the two alternatives 
being evaluated, sediment disposal in CDFs and sediment 
treatment using the B.E.S.T. process, have been ranked 
according to ten factors. Both technical and socioeconomic 
factors have been included as follows: technical
feasibility; effectiveness in decreasing PCB concentration; 
cost; human health risk; public acceptance; and the effects 
on recreation, conservation, industry, employment, and 
tourism. Due to the difficulty in assigning variable 
weights to the evaluation factors, all factors have been
T-4042 134
weighted equally. Table 23 is a matrix of these ten 
evaluation factors and corresponding low, medium, and high 
rankings. The matrix outlines the criteria used to assign a 
low, medium, or high ranking in each category. Rankings are 
assigned to the two alternatives in Table 24 which presents 
the costs and benefits of each, including a score rating the 
overall risk of each alternative out of a possible 165 
points.
From a risk standpoint, the B.E.S.T process option 
offers the lowest risk. The PCB-contaminated material is 
processed and the contaminated oil fraction removed from the 
site to be burned as fuel, incinerated, or landfilled 
thereby undergoing ultimate destruction or at least 
immediate burial. The remaining material is not PCB- 
contaminated. The sediment awaiting treatment does not 
provide a favorable environment for wildlife, and if the 
holding ponds are located away from the immediate area of 
breaking waves, the potential for breaching their walls 
would be greatly reduced.
While the potential for human exposure to PCBs from 
CDFs may be low in relation to other sources, it is clear 
from the data that wildlife are experiencing significant 
effects from their exposure to the contaminants. The 
favorable environment for wildlife provided by the Saginaw
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TABLE 23










Tested on pilot 
scale
Poor (5 pts) 
Tested in lab
Effectiveness >=98% 80-97% 0-79%
in decreasing 
PCB concentration
Cost $<=50/m3 $50-100/m3 $>100/m3
Human Health 
Risk
No hazard OR 
haz. index <1 
AND cancer 
risk <10^
Haz. index <=10 
AND cancer risk 
< = 10"4
Haz. index 
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Bay CDF accounts for much of this exposure. However, 
following capping, the contaminants will remain and could 
eventually be accumulated by vegetation living on the cap 
material, thereby ensuring that bioaccumulation of PCBs will 




This investigation indicates that there are five primary 
advantages to employing the B.E.S.T. process to treat 
contaminated sediments in Saginaw Bay. First, only one 
treatment site would be needed as opposed to multiple CDF 
sites. Second, as the volume of new contaminated sediments 
declines, sediments within the existing CDF could be treated, 
eventually eliminating the need for the structure completely. 
Third, the B.E.S.T. process would lower the risk of PCB 
contamination of the ecosystem by separating the PCBs from 
other uncontaminated material for eventual destruction. 
Fourth, treatment would allow for recycling of the solid 
material, water, and also the oil fraction of the original 
contaminated sediment. Fifth, if sources of PCB 
contamination are eliminated, B.E.S.T. would only be required 
on a temporary basis, and land dedicated to B.E.S.T. could 
ultimately be reclaimed for other uses.
The disadvantages to the B.E.S.T. system are that the 
units are an eyesore and will compete for land with other 
shoreline uses, perhaps even resulting in the destruction of 
16 or 20 ha of wildlife habitat. However, the amount of land 
required would still be less than that required for
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additional CDFs in the coming decades. The cost of sediment 
treatment using B.E.S.T. is higher in comparison to that of 
disposal in a CDF, but this higher treatment cost could be 
offset to some extent by reuse of the oil and solid sediment 
fractions.
By contrast, CDFs are known quantities which have been 
used to contain contaminated sediments without any major 
catastrophe for the past decade or so. There is some risk, 
both economic and environmental, associated with trying a new 
treatment method which, although it has been tested on an 
actual site clean-up, has never been used in the Great Lakes 
nor on a permanent, ongoing basis for years at a time.
CDFs, as shown by this paper, pose a significant 
environmental risk in the containment of PCB-contaminated 
sediments, as well as tying up large amounts of land (or 
portions of the Bay) which will contribute to ecosystem 
contamination for decades to come.
While the evidence suggests that the B.E.S.T. process 
holds promise for the treatment of contaminated sediments in 
the Great Lakes, perhaps the biggest factor in determining 
whether or not it will ever be tried is its acceptability to 
the public. This variable ultimately determines which 
projects receive political support and funding. The major 
hurdles with respect to public attitudes will be 1) the use
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of shoreline property, which competes with recreational, 
conservation, tourism, and even commercial interests; 2) the 
fact that the facility on the shoreline property will not be 
attractive; 3) who will pay for sediment treatment; and 4) 
the issue of burning PCB-contaminated oils, even though PCB 
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APPENDIX
Calculations for Application of B.E.S.T.
Process to Saginaw Bay Sediments
Density of Sediment:
Assume 1 cu yd of sediment = 1 ton, therefore, 0.76 m3 = 0.91 metric 
tons.
3 3Density of sandstone is approx. 2.14-2.36 g/cm , or 134-137 lb/ft .
3 3Density of water is 1 g/cm, or 62.43 lb/ft .
Therefore, the density of sediment, a combination of water, fine mineral 
particles, and organic material, can be expected to fall somewhere 
between the densities of water and solid rock.
If 1 ton sediment = 1 cu yd, then the density of the sediment would
calculate to 74 lbs/ft , or 1.2 g/cm .
Therefore, for the purposes of this report, 1 ton sediment is
assumed to be equal to 1 cu yd sediment.
Number of B.E.S.T. Units Needed at Saginaw Bay:
Total amount of sediment dredged annually in Sag. Bay = 500,000 cu yd
(382,000 m3)
Half placed in the Sag. Bay CDF = 250,000 cu yd/year (191,000 m3/yr)
= 685 cu yd/day (tons/day) = 630 metric tons/day
Capacity of 1 B.E.S.T. unit = 100 tons/day (91 metric tons/day)
6.85 B.E.S.T. units would be required in Saginaw Bay to handle the 
volume of sediments currently being placed in the Saginaw Bay CDF 
daily.
Acreage Estimate of B.E.S.T. Treatment System
1 acre = 43,560 ft2
B.E.S.T. units (50 ft/side) x 7 units = 350 ft/side 
10 ft buffer around each unit x 7 = 70 ft
(420 ft/side)2 = 176,400 ft2 
= 4-5 acres (1.6-2.0 ha)
